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Abacus. See “ Calculating Machines,” § (l) 

(i-). 

Absorption, Atmospheric : * 

Effect of water vupmir on. See “ Itadia- 
* tiou,” § (2) (ii.). 

Of Solar Radiation. See ibid. § (*) (i.) 
and § (3) (ii.). • * 

Absorptivity of Air. See “ Radiation,” 
512) (ii.).. 

Acmk Standard Thread. See*Gauges,” 

§<U • . ■' 


See ibid. § (19). 

See ibid. § (2) and 


Isentropie equation of. 

Physical constants of. 

Table 1. 

Specific heat of. See ibid. § (2). 
Thermodynamic properties of. See 
IV., Fifj. 1<>. 


ibid. 


Addin<4^Ma(TIIn£s. t See “ ( ad ulating Ma¬ 
chines, ’ 5(7). % 

Adiabatic«ou Isrntropic J^ocrssksAn tw$ 
Atmosph hrb. !*?ec* “ Atm*sf>here, Theijji^>- 
dvnainies of the.” r*), (7) 9 and Sections 
IV., VI., /ml Fi</s. lo, Jt>, 17.» * 

•flflABATIC ^VPSK OF TEMPERATURE;! 

Atmosphere,*! Mimics of,’’^^'*(3), (5), (13). 

AdIA#VTIC TeMP?:R.*TUHK OF TUB 

Ska. &ee “ Oceanogra ph^ Vj|}ysical,” § (41)) v 

Air : • *0 * % J * 

Evidence for descent of, when c<*>led. S?*e 
“ Atmosphere, Thcm.*dvnai&ics of the,” 
•§( 24 ). # 1 * 

®*Flow of, oter isobars. See ifad. § (Id). * 

Relatioit of horizontal and vertical flow of. 

& •See ibid. §”111)). % 3 *> 

See also “ Convection,' 

Air, ^Conductivity of. 

Electricity,” $ftll) % 
k tMffWlcrsform. 


“ Eviction,” cte. 
See “ Atmospheric 


ihid*§ (4). *•* 
litre, tabulated. 


Air, ItoN^'mmi'. in S rm 
* See % Balances,” Table IV. • 

• ii 7 

Air, Dry : j 

Adiabatic [ines for.^See ‘‘Atmosphere, 
Thermodynamics of^he,” Fig. 15. 
Characterise equation of. See ibid. § (fR) 
juid Table V. • 0 ’ 

DeiVity of. See ibid. § (2). 

Ent ropy-temfieratflrc dtagran? for. See ibid. 
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AIR, THE INVESTIGATION OF ^HH 
UPPER 

» 1 

I. Methods of Investigation—Instruments 
'* used — Tjie Interpretation of the 
RkccKids 4 

§ (1) Methods. —About twenty-five years ago 
the late Laurence llotch of Bluesly 11 Obs^tva-^ 
lory, neat Boston, U.S.A., started a systematic » 
inqljjry into the conditions prevailing in the 
^reo'atmosphere. For more than a ifhndred 
I ^ars previously occasional attemptsjhad been 
made to ascertain the electrical conditions, 
the tem/erature, aqd (lie strength of the wind, 
tty Erankliy.t vVxtson, Glaisher, Archibald 
and gthers, butyhe inception of the present 
ine^hids is certainly due to Roteh. * 

I’he matters to which attention has chiefly 
been directed are the® chemical composition 
the atmosphere, its temperature and 
humidity, the velocity and direcalbn of the 
’air current, and Utterly, since this is of great^ 
importance for the/navigation and safe landing 
of emplanes, the height an$l density bf clouds. 

Observations have been obtained in various'* 
ways, cl^ejly by the use of kiies, captive 
balloons' Kte balloons J> i3>mbination of a 
kite and a balloon), registering*-balloons (or 
lulloon sulfides), fuiot* balloons, and latterly 




aeroplanes. } * 

* Before? describing the instruments usea to 
record the jtoyiporhture and humidity it will 
be welbto notice the nuyins of raising,t^iem. 

!* ‘ 3 Lpurahee Rotch commenced his investi¬ 
gation with the ordinary flat kite #ith a tail, 
lieid by the best and strongest string obtain¬ 
able, blit ho £o8n discarded*these for the box 


vol. m 
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form o! kite, which had been roconfclv invented 
by Hargreaves in Australia, held by steel wire 
inc place of the cord, and no doubt he o< 'ed 
his subsequent success r to the changA « He 
also employed a steam engine for winding if. 

For many years kites continued to be the 
enly practical means of raising self-record ; ng 
instruments nto the air, &nd although they 
are now being supersede^ by aeroplanes they 
are still used for the r purpose. The early 
pioneers r;n kite flying for scientific purpose’s 
were subject to many wofries and difficulties 
and were liable, most unwillingly, to inflict <j 
inconvenience and considerable risk upo^ their 
neighbours, risks from <• which they were free 
themselves, with the excfc, A ion of injury from 
lightning. The chief obstaelp to raising a 
kite beyond two cr three thousand feet is the 
horizontal force producod by wind pressure 
upon the retaining string or wire, the mere 
weight of the string is of quite trifling import¬ 
ance in comparison. Henco the necessity to 
use some material that will have great strength 
combined with small bulk Steel music wire 
best meets these conditions and has been 
universally employed for kite flying. It can 
be obtained in lengths of six or more miles 
in one piece, and with a diameter of only one 
thirty-second of an inch will stand d tensile 
forcq of 250 lbs. But it will be readily seen 
that a mile or twp of such wire ly ; ng across ,* 
roads subject to ordinary traffic may do serious 1 
harm. Amongst other accidents tnat have 
occurred n\ay be mentioned th°> killing of a 
5 horse by an efectric current brought down froirt 
the conductors of an overhead tramway^ hne, ! 
This 6ccurred in Germany. In France the 1 
wire lyin^ across a railway becamb entangled 
between the eccentrics on the driving axle 
of a locomotive, and sdch ( a quantity of wire 
became wound round the axle tktf it tendered 
the engine useless and the tr?»n was held up. 

§ (2) Kites. —The kites used in the inv^iga 


cafinotf' be inferred with any cqj’tainfy froin 
the surfaa) c wind. , * 

Sosno form of the boK or Hargreavo kite 
(FigM) Hare been used almost uni* r q]rgally, but 



Eiti. 1.—Kite used in England. 

the details have been considerably modified by 
the staff at each separate aeronautical statio*, 
and it is noteworthy that each station has slfown 
a decided tendency to keep to its own par¬ 
ticular kite. Neither is the reason far t%se#k. 

Tht-peculiarities of a kite, especially the^bjection- 
able ones, become well kr. wn to those \^£o use it, 
and they learn by experience how to deal with tKem, 
whereat with a s'range kite, even though o% the 
whole it might h o better One* the accident of drop¬ 
ping or breaking the w*rc would qu4te likely occur 
bCore the staff*were used to the, kite. It is a case 
of t*>e prOverh—Better the de - il you do know than 
the d^vil ycu do not know. It is n<\* possible to^&tT 
a comparison of the goodness ot the kites from the 
results obtain d at the diffeunt stations, upartly 
because the suitability of 'the weather tty- kite flying 
is widely different i.» different countries, but chiefly 
becahse* the av< rage height -.‘taiik-d is closely 
dependent t pon the risk of accident that is habitually 


tion of the upper air require certain character- \ taken. It is tasy to *. Jd kites on the like aiK^attain 


iBtics some of which afie mutually antagonistic, 
bo that, as in many other matters, a compromise 
has to be* arranged. The danger of dropping 
the wire across a road arise., in three ways. 1 
c The wind may become tod light to allow the r 
kite to fly ; it may become bo strong t.ha&the | 
•kite becomes unstable and dives to the ground ; 
t the wire m fCy break near the winch.e^her {rom 
some injury or a kipk havjng b^erf forced 
in it, or from inability to stand the tensile 
force put upon *it by the kites. c fo fly in* a 
light wind a kite must be of flight weight, 
ancTif so, it is n#t strong enough to stand 
the stress put upon it by i«strpng wind, but 
become % deformed anil hence unstable. For 
the first kilometre or so of height the strength ' 
of the wiiW is known from the surface wind* 
but the uppermost of a train' of kites may 
reaoh 5 or 6 kra.,*<»nd the wind at such heights 


a great ifeight, the^diffieulty is to get tyuk the fcitca, 
aCd wire uninjufed. Although the wire may breffk/ 
the record from the instrument carried; is generally 
recovered intact. * t Mm 

The Hargreave or box kite consists of two 
Separate cells. Itcis like a box with the two 
ends gone, * id a piece cut 6f the middle, 
o? '•c.pting fpr the main stacks thccisame- 
work, c which keep tho ends apart. Jn *tfte- 
Continental and American fdffn’The pells ar% 
rectangulfh with the depth aboht halt or one 
third 'he width, Jn the English form the 
section is approximately a rhomboid with the 
short diameter equaj to either siejp. In the 
Cody kite th^jb was tided at Alderehot /ontfnan- 
lifting in the fears before'* tlie war, th^fcpells 
were rectangular, and an addition of* large 
wings on the shies of the upper cell was made, 
so thyt tlie kite looked much like a large* bird. 
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The illustratim shows the form'of kite that 
was used in jSngland. For full isformation 
about what oan be dene with kites the Pub¬ 
lications gjviag details of the work <M>LiiRlen- 
burg, .Germany, should be read. «At this 
station, by means of kites amFc^ptive^alloons, 
for a long series of years ascents hare Ifeen* 
mfde daily without a break The loss oi 
material in the form of kites and wire has 
oeen large, but excellent series of recordf*have 
been obtained. . . i 

§ Ballons.— iSns^a kite can¬ 

not b» raisW on calm days, its placS lias often 
been taken by a-^jptive balloon. In quite 
oalm weath^ a captive ballooh Jhy {each a 
v<*y good height, as it will rise almost verti-* 
sally, but any appreciable wind will exert 1 
a horizontal pressure on it in excess of its 
own lift, thus greatly reducing its height¬ 
en the return of the balloon it is usual to 
withdraw the gas into a gasometer. But the 
same gas cannot be used indefinitely. Hydro¬ 
gen diffuses outwards through the envelope, 
and also it appears that the gases of the adno- 
sphore diffuse inwards, for after a oompifratively 
shwrt time tho*gas in tie gasometer is found to 
have fncreased in specific gravity, so that it 
will not give the necessary lifting power to 
the %al4oon, and fresh gas must be dfijqjiied. 

§ (4) Kite Balloons.— The kite batibon ' 
seems to Cjtvo been firs*used in Germany, it 
has not been extensively employed in England 
to otCain observations, of b‘ftmemturp and* 
humidity, but has been dm*elojfi!&^for militar,^ 
purposes and has given valuable wsults. It is 
a combination of^ l^ite and a balloon,*.o that 
it*!** the power of rising in a calm in.virtte*of 
the buoyancy 0 $ thto liAt gas itgfmtains, and 
unlike £he sphericid milloonfif vv^l ^ontinue 
flying at a#good angle <11 a sft#ng wind on 
precisely the same jadneiplo aft tffaf cm which 1 
a kite dependf. dpi shape it is •omcvvhfft like 
a sausage, being of stream-line fiyift, 1 ho as 
to offor«the lTiiniinuin of resfttanco wheg heafl 
wind 4 There are fins behind and tli^ 
shape is maintained by the air pressure inside. 
The dynamfl lift and the ^tabiliiy in wind 
on the Tfcodo of attachn&nt of tfie 
bridle as in the ordinary kite. In strong winds, 
the lift # due to the gas is insignificant com¬ 
pared 4 0 that dife to*Vhe jvind. * 

► § (g)#il»coisTOiNO» Balloons.— BegisterfliJ 

balloons^ or bjJJ^n sondSs, are small balloons 
nfcde usi^lly oj^tJTm sheet-rubber. At average 
pressures and*teinperatures onetcubrc foot of 
commercial hydrogen will^Bcert a lift of fbout 
, one ounce, that* be#ig the difference between 
the weight of a cubic foot*of air and a cubi^ 
foot'd^ c«mnfbreial # hydrogen. $he rubber 
#»allocffii are securely tied up roflnd the neck 
at startfhg, and assuring {hat tpe gas inside 
is at the same temperature «s the air outside, 

* '* See “ Aeronautics,” Vol. V. • * 


and Ihat the pressure inside is not increased 
to any^appreciable extent by the tension nf 
tl }0 rufbir, the ratio # of the density of the 
hyfB-Bgcn Jo that -of the air in which the 
•balloon floats remains unchanged with height, 
and hence the same quantity of hydrogen* 
give! the same lift.. The linAt to the height 
reached for balloons of the same kind is 
therefore set by thc^fcliameter at which the 
balloon bursts. In this connection thg follow¬ 
ing figures are of interest. The diameter of 
^ bflloon is doubled by the expansion of the 
^gas inside when it has reached a height of 
16-4 kri., treblod at 24*2, and quadrupled at 
30 km. These figunp^re for average condi¬ 
tions of temperature and pressure in the 
9 south-east of Eflgland, and assume that the 
rubber allows no leak of hydrogen during the 
ascent and exerts no pressure on the gas 
inside. 8 ince the weight of a balloon varies 
as the area of the fabric used, that is as the 
square of the diameter, and the lift as the 
cube of the diameter, it is obvious that much 
greater heights will be obtained by increasing 
the size of the ballons. In practice, however, 
the quality of the rubber and the workman 
ship are of such importance that they almost 
swallow 0 up for a con^lerablo range the 
Question of size. Like a chain the strength 
of if balloon is^that of its weakest part, so 
^hat one defective half inA on one of the 
many scales is fatal. 

It is not absolutely necessary to use rubbgr, 
but it has great advantages. It j£ves a nearly 
unifqfin rAe of ascent from the ground up 
Mthc*highest point reached, and this eifturss 
a# efficient ventilation of the thermograph. 
On* the other hand, a paper or gutta-p^clm 
balloon riches a height where it is more or 
lesi in e<|pi]iyr{iMi ^Jid floats at that height. 
If this occurs in the day-time the thermo¬ 
graph^ more influenced by solar gadiation 
thaifby tltemperature of the air, aifd tem¬ 
peratures of 50° C. too high may be recorded. 
Moreover, a considerable time may elapse 
before the balloon falls, in which it *aay drift 
a, long distance dgwn th%wdnd, a result that 
•u England is likely«to lead to its loss in the 
Channel or North Sea. » 

The baltoons that have l?een mostly used 
in England have weighed from 9 to^3 ounces, 
the lftid have to carry j§ 3 ounces, anfl 
the free lift give* has ftyen m^de, as the 
result of exj^rienc*,*eopual teftho weight of 
the bajloon. Tfcns a total lift of. %bout 25 
oifices, secured by 25 cubic feet of hydrogtn, 
is used. This retires a diameter of 43-5 
inches, ^hiefl i#about double the unstretched 
diameter €f the balloon. To reach a*fteight 
1 (M km., which was about the* average 
height for England before the % war, the rubier 
before giving #af' must be # jgfetched to four 
times its unstretchcd length in.each direction, 
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that is, reduced to ^ of its thickness, c It is 
not surprising that good rubber and good 
workmanship are required to make* (- 
factory balloon. The* conditions on* the 
Continent are much the same, excepting that* 
the meteorograph to be carried up is much 
^heavier. This requires a* larger balloon € and ^ 
the diameteF'at starting is about 2 metres.*' 

Tho meteorograph in England is hung below 
the balloon by a thread of 40 metres length, 
so that ft may be free frqpi the wake of hot ifir 
that will be left by a balloon rising in full Sun¬ 
shine, and it carries a label offering a reward of 
5s. to the finder if he will return it uninjured. *| 
On the Continent abd£{. 90 per cent are re¬ 


fluid ; near to certain critical sites &ld speeds 
an incre|^ao of the load may e^en lead to an 
incqjase in the ascensional velocity, and hence 
the ronfiifta is only valid for balfooqp of about 
the usuai size. » 

The f£rmul£ is 

*V«=?L 5 /(W+L) i , 

"where q is a constant equal to 84 for V # in 
t metres per ^linute or 275 in feet pef 
minute, . 

L is U»o fliot frcc^ift in grftmmftSg 
W fs the dead height of they,galloon an£ 
its attachments ip*grammes. 

The # fre(f lift and the weiglft aie easily 


turned, in England many^hre lost in the sea, p measured and then the ascensional velocity 


and only from 60 to 70 per cft.it are returned. 

§ (6) Pilot Balloons. -A knowledge of the 
velocity and direction of the air currents in 
the higher strata of the atmosphere in all 
conditions of weather is necessary for the 
safe navigation of aeroplanes, but the only 
simple and reliable method is by means of 
pilot balloons, and this method unfortunately 
fails just when it is most r/anted, namely, at 
tjmos wkon low clouds are prevalent. 

Pfiot balloons were in use before the war, 
and they have beenymployed most extensively 
during the war, so that a very large mass ot 
information has accumulatec^and is a watting 
some one to sift*and classify it. t There is # 
closo connection between the direction and 
strength of the upper winds and the position 
of *tlie isdbftrs on the corresponding weather 
chart, but the finer details are stf.l confused 
and undiscovered. * « « 

A p>ilob balloon is a small % india-rubk *r 
ball#onf>f about 18" or 2' diameter at startfhg, 
and weighing about 30 grammes; it is filled 
wiyi hydrogen until sftjjiet/hat \ore t.Jjan t 
double its natural diameter, M securely tied*] 
up. Wjjcn no leaks deve®>p in the^'rubber 
it rises*with a uniform, or very neatly unt&rm, 
velocity, and is kept in view in the field 
one or sometimes two theodolites. Jt f is 
obvious «that with one theodolite th^ only 
observation made % the defection of the lige 
‘ of sight; there is no linet.r dimension to form 
a scale &a a basis for determining the velocity. 
This is supplieQ by assuming uniform 
ascensional velocity. With two theodolites 
the base line y distance betwd^if; the* theo¬ 
dolites forms the stifle. i t » 

(i.) One-7%ec^olite Metiod. —Fijpm the results 
of many .pilot - balloon as^nts niaijp with 
tvE> theodolites yid from man^ direct experi¬ 
ments in closed buildings such as the 
Albert Hall, where the tiine«of* ascent from 
the flS&r to the ceiling can lx? meatured by g. 
stopwatch, a formula lias been dedueed givijrg 
the ascensional velocity in terms of the weight 
and the'free There §rt some curious 

anomalies in tlye motion of a sphere through a 


ouiioon uses more quipKiy m mo nrst J 
rmeti^of its rSe*frhan in.the subsequent 1 
Metres, and* the Allowing explanation 
been given. « Every* rising current of air n 
be 


is knoWn, multiplying by the time from the 
start the height is known, and then from the 
observation of the angular altitude and 
azimuth made by means of the theodolite 
the precise position is known, and thus the 
mean velocity and mean direction of motion 
between any two observations is readily 
calculated. The observations are in general 
made a£ ofte-ininutc intervals. 

The assumption made’ that t*he ascensiotial 
velocity is untform may be justified Uft still 
air or f(*- air with no vertical motion, but if. 
is not trfle for bright sunny days, on 

»ur1» days convection currents are^. generally 
present, if has beer* found that •hiiand the 
balloon rises more quickly in the first "kilo- 

kilo- 
has 

given, t livery* rising current of air must 
he compensated by an equyl descending current 
elscivhery. and the flow of air near tho cmtVs 
surface will* Jend to W* from the foot of the 
dogeendjp^, cifrftnt t.fywArds the amending 
current. A % lfcillqr»n therefore whVn near the 
earth’s f sfir\no£ will tttyd to be carried 
^by the winds to places T&liord there is an 
ascendii%^urrent, and this tendency will lead 
fo a jSystematje^increaso of th& ascensional 
^velocity. This explanation is^ fonfirmcc^U,** 
the fact theft over the ara the increased rate 
of rising in# the fijst kilometre is flot found. 

*(11.) Two^l'hcodoli /c.v, - UsifTg two theodolites} 1 
, the exact course of the balloon can theoretic¬ 
ally lx? detorminefd ; there is indeed ong super¬ 
fluous quantity fo? soFving* the equations 
Vising tlfo three co-ordinated of *^^on. 
For if the azimuths* of the^hrjfypn from the 
two ends of the base linq ^>re determined 
the foot* of Iho vertical through the balloon 
is fcftnd by solving a triangle with one side 
and all the angles knovfn, hnd then either 
^observation of art^ular altitude gives the 
height of tire balloon, \similifl rcs&It follows, 
though not simply if two altitudes »ffd on£ 
azimuth are pbservjed. c c 

So long as the distance of the balloon is not 
too^ar£* compared with the length of the base 



. * . AIR, THE INVESTIGATION OF THE UPPER 


-»—*-» —“-:- 

line, aid especially when the # track »f the 
balloon \s approximately at right anglos to 
it, quite exdfct determinations caAtje giado, 
but this latter condition cannot ^Mwa^a be 
secured fix practice. Captain Cave, the pioneer 
in work with pilot ballots•n^Englttad, states 
in his book (The Structure ofjhe Atmosphey 
in Clear Weather, Cambridge University Press) 
ft)at for considerable heights he considers tlfb 
• one - theodolite method the more accurate. 
No doubt in the first kilometre or t^o con¬ 
vection currents dofcauB# frrpft, but these 
► errofs a^ casual an# have a %ery trifling 
effect upon the means. Also the one-theodolite* 
method requires rcss time to jrork up the 
fbservations, a point that may in dbme cir¬ 
cumstances be of considerable importance. m 


in the illustration (Fig. 2), and is quite simple 
in pftnciple. The pen carriages run on guides 
pallid to the axis of the drum, which ^s 
horizonand they afo moved by light chains 
wJjjcli are-coiled iri a groove attached to the 
divided circles of the theodolite. The chains 
are-guided by jockey pulleys where require^ 
a^cnare kept taut by a hangfhg^veight at the 
4ar end. Thus a change of azimuth, say, 
uncoils a certain amount of one chain and the 
ffee carriage moves an equal distance parallel 
to the axis of the dlock drum. The azimuth 
► and altitude at any given time can be read to 
about 10 minutes of arc. 

§ (7 f Aeroplanes. -Jho use of aeroplanes for 
obtaining observances up to the height they 
can reach is self - evident, and inasmuch os 



»Pujf L\—Self-m nnling TIuJHolitc. - * 
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(iii.) The ^ailjfMefhod.- -Thg plai# has 4>een j they re likely be used in increasing num- 
adopted yi some cases of hanging a visible ben^ «o that observations may be#a sort of 
objecj byo a thread of 4tnown» length jyid l by-produft, it is probable that they ’{till more 
jobttirving ^he angle subtended by tl# thread | or less supersede kites •and captive balloons. 
vWth a micr^neter eyepiece in J.he theodoliOe. , " 

The plan «s useful! though it obviously fails j 
•wlfcn the bailey is near#hc zepith, but* the 
difficulty is that the hanging object swings* 
about like a pendulum, ami hence the observt*! 


subsided anfclc w systematically too small 
am^ilpo di||cult # to Vieasure caving tp fts 
. rtlpld variat ion. • . • 

* . Theodolite .—To reduce the 

numbeT of j^A'vers and to otyain*;ontimiou6 
records instead of observations at one^ninute 
intervals a §elf^rocorflmg instrument was 
designed l^y Mr. J. S. Dikies. It is self-record- 
ing i% the sc»se that the* balloon is kept at ftie 
cenfcrp of the cross %ires by the^Jtserver, while 
the azimuth and altitude angles are recorded 
by two pens using cfiffer&itly (floured inks on 
a long clock drum. The ^nstrumen^ is^hown 


Self-recording instruments may be carried by 
an Aeroplane, or direct observation of the 
temperature shdwn by* a thermometer can 
be made by the observer. The essential point* 
is that the thermometer, wither self According 
or other#ise, shall be so carried that it may. 
bo jjninf^icpced by radiation or tile hot gases 
from th<*eftginc. • * 

fti the *Annufl Supplement*of the Geo- 
physical Mnrnal • for* 1918* issued by the 
Meteorological •Office monthly, unean tem¬ 
peratures of the upper ai* over Martlesnam 
Heath an{J ^ou/h Fam borough are .given. 
The v%l^*s have l>een Stained by aqj^planes, 
#H(^the number of ascents combined on which 
\hey are based at 4-5 km. exceeds t\#> hundred. 

§ (8) Met^droorafhs. — k The instrument* 
used for defbftnining the •temperature and 
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humidity of the upper air are of various kinds, # Thff ballodn meteorograph (Fig. m is of. 

but may be divided into two classes, ^hose altogether different construction ana has no 

ighich use a clock and write on a moving clock, to gives a graph.flcratchgd by a sharp 

surface, and those which simply drat/ a grafh metJl ^nt on a 

showing the temperature' and the relative # silver-plated surface, 

humidity in terms of the extension of an aner- 1 from wl^h ui?d#r L ” 


«pid box under the decreasing pressure. Tl\f| in- iowipowermicfpscope 
struraents u^ed^with kites" also mostly give a the temperature'ean 
record of tho wind velocity. r f>e obtained. A single 

The difficulties met with in designing a aneroid box is used 
suitable^instrument, more particularly for u«o of alioufc 2| in. ir/ 
with registering balloons,' have been consider- diameter, fti{p% r of < 
able. It must be light, though an extra half- c thin Germffn silver; f ' 
pound in the case of kites is not of serious f the box is not ex¬ 
import ; it must be enable of bearing rough hausted of fair, but 
usage and of recording a^very low tempera- js sealed up with the 


The instruments used on the Continent and 
in America, both for kites and for registering 
balloons, are of standard type, but made as 
light as possible. The difficulty of finding an 
ink that will flow at very low temperatures is 
met by using a needle point writing on paper 
or metal foil lightly covered by soot from a 
lamp. The record is set as soon as it is 
obtained by immersion ifi a thin shellac 
varnish. The clocks are especially made to 


^opposit* faces held 
close together. Since 
the metal is thin the 
extension of the box 
depends largely on 
the elasticity of the 
enclosed air rather 
than*on the elasticity 
of the eno£al, and 
thus an open scale 
free from much 


Fffi. 3. * 

Balloon Meteorograph, 


. — — -i - j - — ;- -- ......... iiauoon Meieorograpn. 

withstand the action of extreme cold on the j hysteresises obtained f! 

springs. Tho three pans, pressure temperature J with the additional advantage of flight 
and Jiumidity, write on the same clock drpm, hbox.^The box is placed between two levers 
but inasmuch as^low temperiturr and low/ connected at one end by a spring.and as 


pressure must inevitably occur together, con¬ 
siderable overlapping of these two* scales is 
allowed, so as to save lengthen tho clock 
* drum. Some* five inches in length given tu 
each scale, and this lias to cover a rai\gb of 
1000 ?hb. pressure and at least 100° G. ot 
temperature. It follows that the temperature 
can be obtained from the chart without 
difficulty to within oilc deg^pe, bu^ on the 
pressure scale 4 mb. go tor on<tftftieth of tin 
inch, which is about the lij^it to whiqjj the 
chart cart, be read at all accurately. < \^ith 


the box opens under decreasing attao- 
spheric pressure the other ends of the fevers 
stearate. Ono r ,lever Parties a small metal 
plate the sis£e of a postage stamp, on which 
the record is made, the other carries the arrange- 
me*.t f for the thermograph khd hygrograph. 

The theVmc«graph depends^on‘ihe expansion 
of a thin strip*Geriuai^, silver some four 
inches lofig *cc*p pared a with that an r invar 
r od. The expansion, or rather contraction, of 


inch, which is about the lip>it to whiqjj the the'GoBirfan silver strip is nUdtip’ied up some 
chart cart, be read at all accurately. < \^ith ttn time!*, by a light lever of thin steel, the 
the heights that can be reached with a kite 4 fas end of* which«;is sharpened and burned 
or aeroplane the range of pressure and tern- f down tb foim tfie scratching poigt. As* th^ 
perature is much less, so that a more ope*, j afieroid box ppens the ppint i^ drawn ofCf £ 
scale can Ire obtained. * 


afieroid box ppens the ppint i^ drawn ofer 
the small pl^te scratching, if the temperature 


In England different typea of instruments* | is qpnstant, oan ar£ of a cirque. A variefWo#' 

^ in V.,.11-V «■ l. ~ *__i.__ A.!.t ll._• A 


c are in use both for kites and balloons. In 
the kite Sneteorog^aph the pens write uptn a 
•circular disc of stiff paper turning r on a pin 
through its? centre, instead of uppi^ a qjieet 
of* paper wrapped round a drum/ - The disc 
is driven by a smalF^choap cfeck, such as used 


of the temperature causes motion of the point 
right angles to the arc. No pivots are used 
in the construction of the instrument,*^heir 
pijioi? beingj taken by springs. %The of 

the pitting is to secifre a surf ace quite 
from scratches and not readiry forfodible, th% 


to be obtainable for a few Shilling, the small j latter requirement being nece^ry 


milled whkiel provided to set Thi* hands dicing 
ueea to produce a friction drive. The pressuit 
and humidity pens write oifVong s$e and the 
temperature and wind*force pens wrihecon the 
other side of the centre. The whole instrif-' 
ment occupies a shallow fiat box abouF 


tho instrument may ( have to lie out exposed 
to the weather for a conBicJ^raklo time before 
it is found. Traces lyive been deciphered after 
a‘year’s exposure. c a # te 

§ (9) Interpretation &f the Rkco^*8.— « 
The records of tho recording instrumentsfmd of 


3 x 12 x 14 inches^ which can fie conveniently the observed &nglc^ c of tlie theodolites in the 
secured in the ce£lre of the kifc. 1 case gi pilot balloons have to be expressed 
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finally s varies of the temperature, hiftnidfty, 
wind velocity and wind direction tlmt prevailed 
at the various levels at the instant thlrecarding 
instrumqpt or the pilot balloon pasfefl tffrough 
therq, The recording instruments give a 9 | 
double record, one for thetts#enfc a$d one for 
the descent, but since as a rulq the differences 
§re small, it suffices to piAlish the mean of 
the two. The records of the wind are obtained 
directly in terms of thc^height, but the ^records 
of temperature an^ humidity are obtained 
prira^riKv iif terms <% nressuie* 8t to be more 
precise, m terms of Aneroid bcA extension,# 
which unfort'un^jgly is 'not strictly propor# 
tional to Change of pressure, Aid owing to 
hysteresis lags somewhat behind the change 
of pressure that causes it. • # 

The following is briefly the method of 
working up the record of a balloon meteoro* 
graph used in England: 

The instrument is calibrated a short time 


rr ■sF'y 


■. 








Fig. 4#—Copy of dLctual Record kom a 
•Meteorograph. A&nlarsaxl lire 


tiflffloon 
times. 


before each ascent is madc^afid the c*d#bratj|>n 
marks are made *ori the satie metal ^ltte 
which is to* be used for the Jtscent. These 
marks consist three lines of equai temp#ra-J 
•two at about 10° - 20° C., and - 50° with 

cross lines oh each *emperaturt nTark at 900, 
890, 700—to 10% nfillibarf pressure. This 
provides# 27 standard point* of reference 
through or between which tie* actual tra*c 
will be made. # t)n recovering fcheMnetrffment 
after an ascent the first process imto transfer 
thes# standard marks an# ^ho cfttual traoe tty 
^cjtiared j|apor. This is done unde*V a low 
power micfosc< 


of yie temperatures may be substituted for 
theiiarmonic mean without serious error. 

Vh^ computation may be made by means#of < 
ftih^s, 8ut a graphical process using semi- 
lcf arithnric paper is the most cot /enient and 
is accurate \o about 1 millibar. 

4(10) Accuracy of the Observations.-*- 
'Sliero are two independent linqp of evidence, 
•both of which lead the conclusion that, when 
it is finally published, the probable error in 
♦he temperature does not exceed about 1° 0. 
Ttyey are, firstly, tfffe good agreement between 
records that are obtained from the same place 
at slnjrt intervals of time or from places nears 
together at the same j^nie; and, secondly, from 
the high correlation coefficients which exist 
between the pressures and temperatures. Such 
high correlation coefficients could not be 
found if the error in the measurement of either 
variable were appreciable when compared with 
its standard deviation. With regard to height, 
it is calculated from the pressure. In the first 
few kilometres of height a difference of one 
millibar of pressure corresponds to a difference 
of about 10 metres, but at 20 km. a difference 
of 1 mb. correspdftids to about 130 metres, and 
consequently the recorded values of # great 
heights are more or less uncertain. 

Full # details of the instruments and methods 
uA-‘d in Great Britain have been published, 
mostly h|’ tht Meteorological Office. A list 
is given below. 1 


Tosco pq with a micrometer ^e- 
piece ant? a moving stage. Tl^ co-ordinates 
* aft temperatuA obtainedlrom flie micrometej 
and aneroid box extension obtained from the 
motion of the stage, winch by means of a 
milometer ferew can be reifc to *01 mm. 
T 1 pp*>y interpolation the fcemp§rature#ec#re- 
Ipon^ing teta ny pressure can be read tiff from 
t the (^gra^ |That hus been drawn on the 
squared paper. • • 


The next process ii 
from the pressure, 


obtain th# heights 
his is given by the 


yo 

Thif 


formula 4=6*0674 T lo% (pjp), where h is^the 
height tin kilometres, jf> 0 the s^f-face pressure^ 
p iie pressure at the heigllt h, and T the I 
hariftonic mean of # the absolute temperatures. * 
For heights over which the range of tem¬ 
perature is not large, the arithmetical mean 


11. The Temperature Conditions in»*the. 
v • Upper Air • 

• 

§ (11) Temperature and Heigi#.— Ob- 
r^ervaiion# on the temperature ant^ humidity 
of the upper air have been made by mfians of 
registering ballons ill many localities, includ¬ 
ing afew#i* th* Antarctic by l)r. Simpson, 
amLthe follow^g is a brief summary of the® 
re^ufts; but it is only in Europ# that the 
observations are at all numerous. 9 

From sea-level upwards to about three 
• kilometres the fall of temperature with 
height, which has latterly comeAn England 
to be called tht “ laps! rate,” is more or leas 
irregular, but ha^ on the whole a value d! 
rather over 5° 0. per kilqmetre, of 3° F. per 
1000 feft. In the first kilometre it depends 
grgatly # upon local conditions, ilpon whether 
tj^e da$ ly clear or clqpdy^upon whether the 
time be early morning %r afternoon, and, on 
# • • • • * 

1 Meteorologiaal Office— 

* M.0.2#2. ’ * a 

1 M.O. No. 210, Qeophyaiml Memoirs, No.il. 

M.0.223, Section 11, The Computer’s Handbook. 

•D(#, Sflbsection 1. 

• m Do., Subsection 1 ( continued ). ^ 

]VfO. 232 J, Professional Notes, No. l". 

Second Report on Wind Structure,*# by J. S. 
Dines, Technical Report of the Advisory\!oi 

• ime 


7 ommitteefor 

Aeronautics, l!)lO-ll. . 

Q.J.R. Met i $°c.. vol. xxk|A- No. 100, “Rate of 
scent of Pilot Balloons.” 
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ov£r Jtn antfcyclone as high ^ 12^3 km. 
The variations due # to pressure are much 
large* then those due to change <?f season. 

Thi cl|t^ges of temperature are as follows: 
L In the troposphere there is a seasonal cl^ingo 
of tenipe^iture^s^ tl^t the lapse rate is the 
sfma with thv exception mentioned above 
both summer and* winter. The changes wi% 
barometric, variation are such that the tropo¬ 
sphere ^is cold over a cyclonic area and warm 
over an anticyclonic. 'J^ie seasonal change 
in the strat^^nllirS ovst* Europl is <1$ the 
jt same sense fiut greatly feducod in m^nitipde; 
*>ver Canada (Toronto) stratosphere 

seems to be boldest in the summit, warmest 
ip the whiter. With barometric changes th<? 
conditions in the troposphere and stratosphere 
are inverted; the stratosphere is warm over 
the cyclone, cold over the anticyclone. With 
change of latitude the troposphere is naturally 
warmer as we gf» towards the equator, but the 
reverse is the ease with the stratospliere. In 
low latitudes at 17 km. the temperature* is 
as low as 193° a, -80° 0., the lowest natural 
temperature •’•ever recorded on the earth; 
over Scotland and Petrogny* it is 2$}3, - 60° C.j; 
and the rise of temperature with increasing 
latitude is plainly apparent from file observa¬ 
tions from {Vaces so near together as LoiHotf* 
Manchester, and Scotland. 

The changed of tcmjfc'rafhre between the 
troposphere ami stratosphere are conveniently 
mimed up in tirn^statement that, the nlban 
per aTu i 


the coast, upon whether the wind is from the 
shore or off the sea. In spring and sunflner 
on sunny days tho lapse rate in the aft«rn*on 
for the first kilometre wijl generally bB as Iprj^ 
as 9° or 10° C. But, on the other hand, between 
sunset and sunrise on clear nights tho tempera 
tyire at one kilometre height will probably, be 
higher than £ha$ near the ground. Tbe$e 
discrepancies are due to tho fact that thee 
diurnal change of temperature, due to the 
sun’s lieg-t by day and absence at night* 
is very shallow and dote not, as a rule, 
extend to any appreciable extent much over 
one kilometre. Thus the conditions which 
govern the temperature close to the {ground 
are quite different to tl^se which prevail 
higher up. 

Inversions, as they are called—that is to 
say, cases in which tho temperature increases 
with height—are common in the lower strata; 
they are generally found in anticyclonic 
regions and are perhaps permanent in places 
where the surface temperature is very low, 
as in Canada, Siberia, or the Antarctic in 
winter. 

From three kilometres aiftl upwards to a 
height which depends on the latitude, but is 
for Europe about 105 km., a lapse rate of 
from 6° to 7° C. perckilometre is foutfd and 
inversions of temperature are rare. All tips 
part of tho atmosphere in which a lapse rate 
is found is called tfie troposphere. Above it 
up to the greatest height to which Sufficient 
observations have been made—^-\hat is, to 
ftbouC 20 kib. 0 (12| miles)—the temperature •; regard to height fronf^the ground to 20 km. 
*docs not change much with height, altho^h ; # is tcry n^irly constant both with regard to 
it may erary through 20° C. or more with time, jj *chan^ of lat itude and ehafl^^of barometi^fen 
This par of the atmosphere is billed tli^* conditions ;• when the bottom* is T-old the top 
stratosphere. Tho boundary between the j is warm, and effiiz/fraely. • S^ice the pressure 

at 20 km., dal^4nj,cd froqi file surfacc^ircslurc, 


teffiperaxure of#yie air’cidunm taken with 

*1 . I. -M.i » ^1.. • . l._. 


two is in general sharply defined, angi often 
there ja an inversion at the I*?undfi|y. * • 

c The thickness of the troposphere is su^ect 
to largo variation both in time and Bpagj*. 


Spends chietf}* ot* the meaji tem{>erature of 
this #ir •cifiumn^it follows fljjit •whereas at 
th# height *of the homogeneous atmosphere, 


50° ovor Europe the value is 10-5 km., *for uniformity. m • 

Scotland* and Petrograik a littk under 10 km. • Except nca» the ^earth’s surface there % 
far as is known the valdb depends on the | fiery close correlation between tho pressure 
latitude and not ^t all on tho longitude. 

This refers to average values. The Changes 
with time ye M two kinds in fcejjipenye 
latitudes. There is an increase ir£ stlmmgr 
and a decrease in \#inter, tfie range being 
nearly proportional to • tfief rangf in th» 

surface temperature. Thus i# (Janada *the „ ^ 

annuli range is some 4 km.; in England, f tures in absolute measure, tta m*an pressure 


though well marked, it in Ifts Jhagj 2 km 
The other change occur* with changing types I 
of weather. The troposphere is thicl ovpr * 
anticyclonic* areas, thin over cyclonic areas. 
Thus in England, oyer a deep oycfonic depres¬ 
sion the value majih? a# low as*7*6 km., and 


anti the temperature of tho air, but with the 
same exception it is strange to find littlo*or 
no g.'Ufrclatiog between * the •direction 
air motion and the teftiperatiire. Hoover* 
there is not space to discus^uie*qijg8tion 
here. • 9 * 

The frdlowing table g^ves the mean tempera- 


in millibars and tho mean densities in grammes 
per*cubic m^tre. It*is taken •from *Fhe 
tharacieriatics the Free Atmosphere, 

1^220 C, which can be obtained from -the' 
Meteorological Office^* antf which contain* 
further infegmution on tho subject. 
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\ . 

Height, In 

_t_ 

England (South-east). \ 

—i- 

Europe 

1 

Canada (Toronto). 

Equator. 

Kilometres* 

T. 

P. 


\*: 

P. 

» i>j 

• 

• T. 

P. 


T. 

P. 

• 

D. 

• 20 

219 

•SS. 

87 • 

219 

Sr, 

• 

87 

214 

54 

88 

193 

53 

96 

19 

219 

64 

* 102 1 

219 

64 

102 

215 

63 

102 

193 

63 

113. 

18 

219 

75 

•119 

219* 

*75 

1l9 

214 

74 

121 

*93 

75 

135 

. 17 

219 

88 

139 

219 

• 88 

* 139 

211 

87 

144 

193* 

IK) 

162 

16 

219 

102 

162 

219 

102* 

162 

211 

102 

» 169 

195 

107 

191 

15 

219 

% 120 

191 

3*9 

120 

191 

211 

120 

* 198 

198 

128 

225 

14 

219 

140 

k 223 

219 

140 

> 223 

212 

142 

233 

203 

life 

261 

n • 

219 

» ief 


219 

164 

f?61 

214 

167 

268 

211 

178 

294 

. *12V 

219 

• 192 

30* 

218 

19* 

307 

216 

195 

314 

219 

209 

331 

11 

220 

224 

355 

219 

2*5 

358 

219 

228 

365 

227 

244 

374 

10 • 

23* 

261 

4$) 

222 

262 

411* 

223 

266 

A15 

235 

283 

419 

, 9 

228 

303 

463 

•227 

305 

467 

229 

30-X, 

470 

243 

327 

469 

8 

234 

352 

524 

.233 

*» 

528 

236 

sr,r 

528 

251 

376 

522 

7 

241 

407 

589 

241 

4 ) 

590 

243 

•413 

592 

258 

430 

581 

6 

248 

469 

658 

248 

470 

661 

251 

475 

662 

265 

491 

645 

5 

255 

538 

735 

255 

538 

735 

258 

543 

733 

272 

558 

714 

4 

262 

615 

819 

261 

614 

819 

264 

618 

815 

279 

632 

789 

3 

268 

699 

*909 

267 

699 

913 

270 

703 

905 

285 

713 

871 

2 

273 

795 

1014 

272 

794 

1017 

275 

798 

1011 

290 

803 

968 

• i 

278 

900 

1128 

277 

899 

1128 

278 

903 

1134 

295 

903 

1067 

0 

282 

1014 

1253 

281* 

1014 

1258 

282 

1017 

1258 

300 

1012 

1174 


W. H. D. 


Air,*Moist : 0 

Characteristic equation of. Set “ Atnio- 
^ Ufihero, Thermodynamics of the,” 5 (201 1 
and # Table V. # ‘ . r 

Entrdjiy-tempcratuft diagram tor. See ibid. 

9 1 (22) and Fig*. 40, 17.* 

Indicate ir'diagram fpr. S k&ibid. § (#3) at® 

Fig. 17.. • 


Isentropic equation of. See ibid, § (21). 9 
Physical consists of. See ibid. t( (2)umd 
••• Table 1 . 9 # . • 

Thermodynamfbal properties#?. Sec ibid. V. 

Airci&ft* meteorological iuotfmffcnts for 
use in. See “ AVteorologwal^fLstniments,’* 

VIII. • • . • • • 

Air-earth Current. See “^ftnospheric 
I^entrieify,” § (10). * % # * 


^*bc-meter* 4 an instrument designed #o 
measure # the flo\? of air. See ‘ Metooro- 
% logical Instruments,” § (f«). • # 


Airy’s Table : a numerical relation suggested 
by # Sir Geojge Airy in 1807 ^as the basis 
ofoconversion from .pressures to heights. 

Barometei* and Manometers, '.§*( 

■ (<"■)• , 

^lbrdA a \«»i*I used to demote amount 
of reflected light. The light of tfce sun 
reflected by the mi^n is known as the 
albedo .of thermion. 

Alfjgdo *of> cloud. See “ Meteorological 
litres,” § (10)tiv.). ,* 

Alcohol. Specific gravity of alcohol and 
water mixtures. Soc* # “ Afcoholometrv,” 
§‘(4). . • * 


ALCOHOLOMETRY 

i§ (1) Introductory. —^n the days of the 
alchemists various rough-and-ready methods 
o were em]floyc8 for testing the strength of 
spirits. ^Thus Lully directs his readers to 
moisten a [4eee of cloth with aqua vitae and 
apply a lighted taper: if the cktfh»ignited,*the, 
spiyt waffto be regarded as aqua vitae rectificata , 
i gr strong spirit. Another method was pour 
^il into the spirit; if the latter were strong, 
itrfoated on the surface of the oil; If weak, it 
rested beneath the oil. Basil Valentine, in 
tho fift^nth century, described a mode of 
testing alc<ti§l b^ • deflagration. He judged 
the strength of of*w vitae by igniting a certain 
voUwife <*f it; if the whole bumeu.away it 
t was pure spirit; if morg than half burned off, 
the spirit was strong : if less than half, it was 
(teak, and needed further rectification. 

After the introduction of gunpowder the 
*“ proof ” test caiSejnto use. It was performed* 
by moistening a little powder with tl^e alcohol 
and* appjying a light. Rapid combustion 
implied a “ high proof ” spirit; failure to 
bur», or Jiiyming only with difficult^, indicated 
a weak ak-fhol; whilst tf # th? mixture burned 
steadily bu| slow^v # t]ie spi*t was regarded 
as* “ good, iig^full, and of vertue.” The 
formation of •bubbles or “ beads *’ Vhontthe 
*)irit was shaken in a glass vessel, and the 
length of time ‘during which the bubbles 
# persistAI b gave to a practised obs&'ver a 
rough idea of the strength of a spi^jt (Pretive 
(T Holland). This test is occasionally used, in 
default of bet^f means, ovgjt at the present 

(lay- 
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In the year 1666, some friction arose between 
importers of Frepoh brandy and the customs 

• oflcials of this country as to the rat^ of d§t^ 
chargeable on tho liquftr. , There were 4wo 
rates, 4d. per gallon and 8d., for liquors %i 
different qualities, and tho revenue officials, 
glided by the sense of taste in levying 4he 
duties, decided that French brandy ought? to 
pay the higher amount.% This decision was* 
contested by the importer^, but was eventually 
ratified tAd made statutory by an Act passecf 
in 1670. Presently, however, fraudulent 
merchants attempted by various devices to 
disguise the real strength of their brqndios, 
so that other tests besides that of taste had 
to be resorted to, and recoiflfce was had to those 
mentioned above. But the tests were crude, 
and the results often capricious; and with 
the increasing importance of alcohol taxation 
the need for better methods of evaluation 
became more and more apparent. Towards 
the close of the century, therefore, a good deal 
of attention was devoted to the question of 
obtaining an areometer or hydrometer suitable 
for testing spirits, since the jfse of this instru¬ 
ment appeared to offer an easy and accurate 
method of appraising alcoholic strengths. 
Boyle, who seems to have been the first 
to apply the principle of the hydrometer 
to too testing of distilled liquors, had 
described his instrument in # 167S. 1 After 
various improvements, the hydrometer camo 
into use for revenue purposes The early 

# part. of th» eighteenth century? as described 

• below. t 

§ (2^ Spirit Balances.— At first the hparj*, 
meter appears to have been employed in ^ 
qualitative way, as an adjunct to the oil and 
gunpowder tests for distinguishing between 
different liquors, rather tfiar* for tftg actual 

p estimation of alcoholic strength. *W>r this latter 
purpose various kinds of “ spirit balance ’4were 
introduce®. Desaguliers 2 remarks ^rat*‘V4he 

• hydrometer has only bfon used to find whether < 
any one liquor is specifically heavier than 
another, but not to tell how much, whiefi 
cannoh.be*done without a great deal of trouble 

•even with a nice instrugiefit. The hydro-* 
statical balance has supplied the place of 
the hydrometer, »and shows the t diffident 
specifio gravities of fluids by a very great 

• e»actness.’* \ • 

Special forms T)f % thc balqjico \npre devised 
for testing sprits. # R§iysden’^ “ balance 
hydrom6trique ” (1792) was ^ne of the fifst 
of other forms were Hoifke’s, Millar’^ 

Murray’s, and a statical* hydro meter ” in! 
troduoed by Adie. Some of the#e instruments, 
as Hdrike’s and Ache’s, determintef spirit t 
strengths ^rom specific gravity on the prin«ipla 
of weighing a “ sinker ” in tli$ spirit. Thus 

* Tram. x. 3»9» 

* Ibyl., 1730, xxxvi. 277. 


Hookeli “ poiB© ” was a large ^pear shaped 
glass bulb^^qual in volume to about one-third 
of a fcall#i; this, hung from one arm of a 
balance, wAs placed in the spirit, and^ounter- 
•poised; tfie weight required indicate^ the 
strength ^ the AiffUof. Others were, essenti¬ 
ally, • a simple *form of balance in which a 
vgssel was suspended from one arm of a pivoted 
beam, and counterbalanced by a sliding weight 
on the other arm. Spirit strengths were found ' 
by comparing thf yeighl^of spirituous liquor 
which the ven^aelfwould told witlf the#\v eight 
*of its wari^-content. *n some indknirrwjnts 
%he beam itself was gradual^} to show various 
alcoholic stfbngths directly. It# Murray’s 
balance the weight was fixed, and the vessel 
•containing the spirit was movable along the 
beam to points which showed “ proof ” and 
strengths “ under ” or “ over ” proof, as the 
case might be, when equilibrium was estab¬ 
lished. These Earlier forms of spirit-balance 
do not appear to have been in general use for 
commercial spirit-assaying. They were Un- 
ploy <tl, rather, in special cases, and for pur¬ 
poses of tffieWring, where more accurate results 
than those given by th*> hydrometer wese 
required. Thus. in 1790 we find Blafden 
(Report t§ Royal Society) advfting that a 
i balance sh<*ild be supplied to each imp«ct«lht 
t:entiVb where alcohol duties were collected, in 
> order to settle any disputes whi A might 
arise between the trading community and ’the 
r»venA officiate^ Later, the .well-kflown 
k *R4ohr^’ hydto^atic balance came into use 
for ascertaining the specific gravities of liquids, 
ai?d this* instrument, or _&> “ Westphal ” 
mocfiftcation of it, is fluently employ^ 
for alcohol ^terminations*at* tho present 
day. * • • • 

Meanwhile, 4*>wcver# various investigations 
4iad been ffi* ptogress, with the object of 
dctetanfniTig the* true specific^avlty of alcohol 
ahd of it^aqueous solutions on the one hand, 
and of ^jerfecting^tHb hydrometer oft the*>ther. 
Attention must now be given to tj|p results 
tftese inquiries* • * 

§ (3) CowRACTjpN. — When afcohol and 
waiter are rrftxed, a rise in th4 temperatui£ oP 
the liquid occurs, and on cooling the mixture 
to the original temperature there is found to be 
a contraction^ the tot # al volumf. The sj^eific 
gravity of sthe mixture, tberctVe, iscjps^ter 
than xhe arithmetical mea n oj^ the specific* 
gravities of the two constituent/^ Thq^imount* 
of contractionidepends upon tho«relative pro¬ 
portions of the tw^quids. Calculated as a 
percentage on the sum of Ij^e initial volumes, 
tlje maximum contraction is given by a mixture 
containing qpe molecule (£ alcohol andtthree 
molecules of t-ater, tho araouut of th^ftson- i 
traction bein^then 3-64 j>er cent at 1£F56° C. 
Or, expressed in anqfner manner, the maximum 
contraction is obtainod by mixing 52 volumes 
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of alcohol \$ith 48 volumes of water, and the 
volume^of the resulting.mixture dt 20° C.) is 
06 3 instead of 100. « • 

Whor^ 100 c.c. of alcohol, at ll-l6° C., are 
mixtyi with increasing quantities water, the- 
maximum amount of contAciion, 5>08 c.c., is 
reached when the mixture corresponds* wfth 
pne molecule of alcohol to # eight molecules,of 
water. This is to be distinguished from the 
maximum 'percentage contraction mentioned 
above. - g | 

Thp'resufts of a Series o* experiments aro 
sho\vn iiHhe subjoined table (J. ?iolmes): * 

* Table T * , 

• » 

Contraction of Alcohol-Water Mixtures, j 
Temp. 15-5C” C. 


Mixture. 
One Mol. 
Alcohol to 

Actual Con- 

Percentage Con- 

traction: Initial 

traction, calculated 

Volume of 

on 8um of Initial J 

Alcohol 100 c.c. 

Volumes. 

J». .. 

. _ 


k mol. water 

1-21 e.e. 

0-99 • 

3-79 „ 

• M-89 1 

r 3 ” • 

^3 „ 

3G4 


8-87 „ 

309 

8 „ • 

9 08 „ 

201 

8 -:: 

L--- w - 

8-78 „ 

7-88 

*1-80 


On account of tfic irregularities in 
amcAint of contraction showp by mi^ures^of 
alcohol and watef, the sfxjpiftc gravities #of 
such mixtures cannot b# calculart-ed accurately 
from a knowlet^e of the proportion of wilier | 
# |ijd alcohol prPSbftt. In constructing m*cific ' 
gravity tables f/ ( jr aqueous alc<JioP, therefore, 
it is necessary ^to* dete^ijfle the specific 
gravities Jby actual ■texperimep£s#>i#a series of 
mixtures having p. known* cosnposition, anjj 
differing onty so •much as wil^ alio# %i Jhter- 
mediato values being interpolated with*a 
sufficient degree of accuracy. • , 

(4) Specific Gravity o^AlcohoiJ, and of 
^H fLCOHOL-WttT er ^Tixtures. —J’he foundei«of 
alcoholom#try was George Gilpin, clerk to the 
*R#yal Society in the lattftr par# of the eight¬ 
eenth century. Dissatisfaction having arisen* 
over the processes in ute for assessing the 
am^ffnt of duty payable on spirits, the Govern- 
moy^>f the#day 0 applied to the* Society £>r 
. instance in the matter. Dr. Chas. IMagden, 
pthe sebretfciy,helped to arrange experiments, 
and in!^ 79Absented a “ Renort#)n the best 
method of proportioningthe Excise on Spiritu¬ 
ous Liquors.”* 1 It was recognised that “ no 
method cyi be arcurate gxcept one based upon 
specie gravities ” ; and*the experiments coifte- 
qu^itly took the* form of determining the 
specflic gravities of-a long series of mixtures 
containing known #eiglfts of alcohol ” and 

* Phil. Trans., 1790, Ixxx. 321t * 


the 


wajsr. The experiments, commenced by a 
Swiss chemist, Dr. Dollfuss, were carried out 
J)/ GflJpjn, who in 1794 presented the results * 
m a set of “ Tables*for Reducing the Quan¬ 
tities by Weight, in any mixture of pure 
Spirit and’ Water, to those by Measure; 
aiai for Determining the^ Proportion, by 
Measure, of each of the two ^Substances in 
|* such Mixtures.” o 

The “ alcohol ” used by Gilpin had the 
Specific gravity 0-8^514 at 15-56°/15*?>6 0 C. It 
wj»uld contain, therefore, only 88-97 per cent 
by weight of absolute alcohol. Determina¬ 
tions .were made at each temperature-interval 
of 5° F. between 30° .7. and 100° F.; so that 
the experiments x 'Vbvided data for calculating 
the thermal expansion of aqueous alcohol 
within this range of temperature, and also the 
amount of contraction of the mixtures, as well 
as their specific gravities. 

Starting with a weight of alcohol denoted 
by 100 parts, this quantity was at first kept 
constant, and a series of determinations made 
after adding to it 5, 10, 15 . . . 100 parts by 
weight of watery afterwards the water was 
kept constant at 100 parts, and the alcohol 
decreased by differences of 5 parts from 96 
to 0. Gilpin’s actual results need not be 
given norc : for present day .use they require 
t<f be corrected, since the “ alcohol*’ on 
which they *aro based *was not absolute 
alcohol. 9 With this and other corrections, 
they are embodied in the revised table sub¬ 
joined (Tabltf II.). *• •• t 

J^owitJ, of St. Petersburg, shortly after-* 
•waitls obtained alcohol much stronger than 
^Gilpin’s. Jle treated spirit of wine with 
potassium carbonate, poured tllfe .partly 
dehydrated alcohol off, and distilled it until 
^ofc mjre tha* two-thirds of the spirit had 
passed ovel.* Th^ product 2 had the specific * 
gra\4ty 0-791 atf»16° R. ( = 20° G), or 0-79484 
wherf emulated to 15-56°/15-56° C? • Lowitz’s 
alcohol would thus coptain 99-6 per cent of 
absolute alcohol. 

* Tralles of Berlin (1811) utilised Gilpin’s 
tables, together with results obtained Jay him¬ 
self and others clue to Lowitz, in compiling cfc 
serjes of alcohol tables for the # Prussian 
Govemq&ent. He, also, *had succeeded in 
obtaining a much stronger alcohol than Gilpin’s. 

It iiad tye^pecific gravity 0-7939 at*16-66 o /4 0 <C.,* 
or4)-7946 at which corresponds 

with 996^ per Qf anhydrous alcohol by 
\feight. Trails recalculated Gilpin’s results 
^>n the basfe of tliis stronger alcohol,# and 
constructed a table showing percentage of 
alcohol by wolume at 15-56° C., referred to 
$vater* lit 4° C. as unity, as well a# several 
^other tables for use at different temperatures 
in connection with his hydrometer.* These 

* (Ws Annulen,*im\, 1. 195. 

» Gilbert's Annalen, 1811,/xxvlii. 349. 
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tables and instrument were used officially in 
Germany during the greater part of the 
* nineteenth century. Brix (1847) ree%lc!lafe^ 
Tralles’s main table, taking, water at 15-50* 1 C. 
as unity. # * • 

In 1824, Gay-Lussac published a treatise 
upon the centesjfnal alcoholometer, together 
with tables dhleulated for the temperature!? 
15°/15° C.: these have farmed the basis of* 
French alcoholometry. 'fhc alcohol taken us 
basis haif the specific gravity 0*7947 at th<? 
temperature mentioned, in accordance with 
results obtained by Rudberg. 

Fownes 1 in 1847 described experiments “ on 
the values in absolute?* alcohol of spirits of 
different specific gravities^* lie found the j 
specific gravity of absolute alcohol to be 0*7938 
at 15*56°/15*56° G. 

About the same time another important 
determination was carried out by Drinkwater. 2 
He dehydrated strong spirit first with freshly- I 
ignited potassium carbonate, and then with ( 
quicklime; and obtained a nearly absolute j 
alcohol with the specific gravity 0*79381 at j 
15*56°/15*56° C. This result i* practically iden- ! 
tical with that found by Fownes, but both are , 
slightly higher than the value obtained later j 
by Mendeleeff, and n^nv generally accepted as j 
the true value. • 

Mdhdeleeff’s classical researc^ upon alcoffol j 
was carried out afflbr careful consideration of | 
previous investigations, and of all th% possible ! 
sources of error. The results obtained for the j 
•specific gratify, referred to watftr at 4° C. as 


t> t * 

solutions of alcohol, Gay-Lussac’%tables have 
been, and/till are, employed for fiscal purposes 
in Ffcmc* and several other continental 
countries]Wut they have undergone rppre than 
one revisiqm—the last rf and chief one, in J884. 
Tralles’s tibles used in Germany down to 
tlfo jfcar 1888, when they were superseded by 
others, calculated mainly from Mendeleeff’g 
results by the Normal Eichungs Kommission. 
In the United Kingdon^ Sikes’s tables (v. infra) 
have been emptejjpd sipce the year 1816. 
Following, however, certain precisions 

I in the Finance Act of 1907, a revision 'and 
Extension of Sikes’s origina^tables was under¬ 
taken by* Sii^Edward Thorpe and fiis staff at 
the Government Laboratory, London, at tilt 
Request df the Customs and Excise authorities, 
and the revised tables were issued in the year 
1912. For the purpose of this revision the 
work of Blagden and Gilpin, Drinkwater, 
Mendeleeff, and the Kaiserlichc Normal 
Eichungs Kommission was utilised, after Jull 
consideration, as embracing the most trust¬ 
worthy data. It may be remarked that 
Mendeleeff v^as so well satisfied with Gilpin’s 
and Drinkwater’s work, tfcal he incorporated 
among his own results many of those obtained 
by these ttwo investigators for spirituous 
» mixture^ of*low strength. The aecompawyfflg 
table ^pives, in^an abbreviate^! form, tli£ specific 
•gravities of aqueous Solutions of «alcohol 
according to Thorpe’s revision (Table II.). 

• \ *, 

** •# Table if 

% • a 


* unity, were : 

At 0°C. 
„ IP C. 

„ 10° c. 

„ 15° G. 
•„ 20° C. 
/f 25* C. 
„ 30°*C. 


. 0 80625 
. 0*%0207 
. 0*79788 
fc . 0*79867 
.#(*7 89*5 
. 0*78522 
. 0*78096? 


% Specific Gravity at 15-56°/16*56° C. 

♦ ou 607C0 0 

-^- * ----»« 

1 Specific : t, . *lVr< 4 lntafie of Alcohol. 

I Gravity in Air- ° • 

at 15*067Hi*5§j wVspirjt « I* By i8y \^)lumc| 
l ( l- 1 «' 1 - 1 ** jat 15*56 ” C. 


w,These values correspond with 0*79359 at 
15*56 0 /16*56° G. (in air); and this is accepted I 
as probab^ the most accurate value, although 
it maf be mentioned th%t a somewhat J 
4ower result (0*7935) has been obtained by ! 
Squibb. 3 • * | 

For calculating the specific gravity, d t , at i 
temperaturqp other than 0° C., Mendeleeff gives 
following equation : 4 • •» 1 

%• ♦ • t 

rf,=0*80625» 0*000§3^)4 -OOQ0OOO29f 2 . 

An ^mcouflt of the research ?s tyven by V. 
Richter. 5 f m * 

As regards the specific gravity *f aqueous 

• * t* . 

1 Phil. Trans., 1847, cxxxvil. 249. * 1 

* Mem. Q/iem. Soc., 1848, 111. 447. * 4 

* Rphemerie of Materia Medica, 1JJ84, p. 541. 

4 UnUrsuchungen* iiber die V erbtndungen des 
Alkohols mit Waster** St. Petentbuwr^lH65. 

4 Ann. d. Physik t 1869, cxxxvil. 103, 230. 


• 0 * 70359 ' 
0*794 
* 0*796* 
fc 0*798 


*175-35 

1 off 00 

100-00 

175^1 

99-87 

99-92 

874*52 

99*22 

9lf-5j 

173*80 

98-57 4 4 

► 9912* 

* 

• 


17.^07 

97*91 

* 9S-70 

172*33 

0*25 

98-2IT 

171*56 

96*57 

97-84 

170*77 

95-89 | 

97*39 

» 109-00 

95*28 

96*g3 


. v 


169 13 • 

94*50 

9fl-4(f.< 

168 28 i 


• 95-97 

167*41 

934)81 

m-n 

• loti-fii 

92-30 * 

94 97 

10o-«* 

91*63 

94*45 


• • 


104 01, 

90*90 

* 93 92 

163*72 

% 90-10*’ 

•8;!%8 

• 102-75 

89-41 

92^S 

161*76 

88-65 j 

92? 26 

* loo-jS 

87-88 j 

91*69 
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Table II ( continued) 
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Specific, 
flravltjbin Air 
at 16-5671550 
° 

Percentage 
of Proof 
Spirit. ? 

Percenta^ A lcohol. 

. By }py Volume 
Waght. it lf) , 66° C. 

r j. 

0 830 

159 73 

o 

87-11 

91-11* 

0-832 

158-09 

80-34 

90-52 

0 834 

157-03* 

85-50 

”>89-91 

083# 

150 50 

^4-7^ 

89 30 

Utl»8 

1554,7 

%3»9T 

88-68 

. 


4 

* 

0 840 

J54-37 

83-20 

88-00 ■ 

0-842 * 

$3 25 

* 82-48 

87-42 

0-844 

152-12 

81-00 

' 80-77 > 

0-846 

150-97 

80-79 

; 80-12 

0-848 

149-80 

79-98 

85-40 

0-850 

148-02 

79-17 

84-78 

0-852 

147 43 

7,8 35 

84-11 

0-854 

140-23 

77-53 

83-42 

# 0-850 

140-01 

70-71 

82-73 

0-858 

143-78 

75-88 

82-03 

•* 

0-860 

142-54 

75-Otf 

81-32 

0-802 0 

KJ-28 

74 22 

80-01 

•0-804 

140-02 

73 39 

79 89 

0-806 • 

138-74 

72-55 

79-10 


137-40 

71 72** 

78-43 

j ^ 

0-8Xi 

W0 10 

7048 

*5-09 

. otfta 

134 *4 

70-04 

70-94 * 

^)-874 

13*53 

09-19 

70-19 

0-87G 

132 -l» 

. Sia 33 

>75-4-g 

0-878 # 

130 80 ^ 

Vf-gi 

7448 

0-880 

*1*1-511 

“Vig-ll 

00-66 

> "Silt 

« • 0-882 

65-81 

J3*13 

0-884 * 

• 126W7 

04*10 * 

72-34 

0-88G 

125407 

• 4)1-10 

71-55 

#88!^ 

12J-97 


70-75 



• • ■ 

4 

0-800 # 
0-892 

• 122-50 
• 121-14 

j^-38 

• 01495 

69 l i 

0-894 

119-70 

00 (iH 

08 33 

, 0-890 

118-20 

• 59-80 

, 07-.fll 

J, 0-898 

110-81 

58-93 

OO-OJ 

0-900* 

115-33 

* 58-96 

05-83 

* 0-902 

• 113-84 

57-fit 

04*98 

0-904 

112-35 

50-31 

04-13 

0-900 

110-82 

55-42 

03 2(* 

JS-908 

109-29 

54%4 

62-39 

_ * 

f 


• • 

1* 0-910 

107-74 

53 05 

•61-51 

(ft)12* • 

* 100-20 

52-77 

60-63 

0-f» • !• 104-03 

51 88 # 

59 74 

0-910 # 

- 103-05 

#•98” 

# 58-83 

0-918 

101-43 •• 

50-08 

57 92 

• 

• 


i 

0-920* 

99-80.* 

49-17 

50 -Qp 

$■932 * 

gS 10 

48-$> 

! 50-05 

•*)-924 

1 90-49 

4t-33 

55-10 

A-920 

94-80 

40-40 

64-14 

0-928 

| 93-09 * 

45-47 

53-10 



_ 
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j Specific 
ri vity In Air 
16-56 c 71fv50 

Percentage j 

Percentage of Alcohol 

of Proof 
Spirit. | 

1 

By 

By Voliiin 


Weight. 

it 15-50’ ( 

0-930 

91-30 

44-53 

52-18 

0-932 

8(^111 

43-59 

51 18 

0-934 

87-81 

42-02 

50-15 

0-936 

8fy97 

41-04 

49-10 

0-938 

8410 

40 05 

48 04 

0-940 

82-19 

39-65 

40-95 

0 942 

80-2.1' 

38-64 

45-85 

0944 

?«-2G 

37-60 

44-71 

0-940 

y 70-21 

30-64 

43-54 

0-948 

74 12 

35-40 

42-35 

0-950 

71-98 

34-37 

41 13 

0-952 

09-70 

33-25 

39-87 

0-954 

07-48 

32-09 

38-57 

0-950 

05-09 

30-90 

37-20 

0-958 

02-00 

29-00 

35-79 

0-900 

j 00 03 

28-39 

34-33 

0 902 

57 33 

27-00 

32 79 

0-904 

54-51 

25-08 

31-18 

0-900 

01-53 

24-23 

29-48 

O-iAiS 

48-38 J 

22 71 

27-09 

0-970. 

) 45-14 

21-14 

25-83 

0-972 

41-77 

9 19-53 

23-91 

0-97# 

38-35 

17-90 

21 90 

0-970 1 

34-87 

10-25 

19-98 

0-978 

31-42 

14-91° 

18-?K) 

* 




«0-980 

27-99 

12-99 

,10 04 

0-982 

24 00 

11-42 

14 13 

0-984 

21-44 

0-1)1 

5 12-29 

0-980 

18-34 

8-40 

1051 

0 988 
• 0 0 

j V>38 
a 

7-08 

8-80 

41-990 

o 12 53 

5-70 

7-18 

0-992 

9-82 

4-51 j 

5-03 

” (Mini 

7-24 

3 31 

* 4 11 

0-990 

4-73* 

217 

2-71 

0-998 

2 33 

1 07 

1 34 

• 




1000 

, o-oo. 

000 

» 0-00 


• 




1 

^V,mpf$ature Correction.—I f for any reason 
the specific gravity of the alcohol is not taken at the 
j Htapuian^ ^mperaturc, it is nccessart to includp e» 
| ('(^reotimi ^to oojjLpcnsat^ ^or*the deviation. The 
' correction is greater at higher st^igths than at lower, 
m* will be Heen fr^ni tlfe table given below, which 
is u&d in thc*fofl?)wing manner : ■ • 

The difference between th# standard temperature 
and the actual tfhiporature of the observation is 
l multiplied \y^he appropriate factor, taken from the 
jttable. % the actual temperature is highet than the 
aOfhdard, the product is added to ^he observed 
specific gravity; if it is lower, the predict is sub¬ 
tracted. Th<v pint throughd^t is water at the 
standard temperature, 15-56 9 C. (60° F.). 
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Table III 

Temperature Corrections 


Specific 

Gravity, 


0-794 
0-804 
0-889 
0-902^ 
0-912 
0-921 
0-928 
0 936 
0-940 
0943 
0-940 
0-949 
0-961 
0-953 
0-955 
0-957 
0-959 
0961 
0-902 
0-963 
0 965 
0-900 
0-967 
0-968 
0069 
0-970 
0-971 
0973 
0-974 
0-975 
0-970 
0-977 
0-978 
0-980 
0-981 
0-983 
0085 
0-987 
0-990 c 
0-995 ' 
1-000 


Correction for 


1° F. 

' 1° c. 

*000046 

0-00083 

45 v 

81 

44 * 

79 

43 

77 

42 " 

76 „ 

41 

74 

40 

72 


70 

3$ . 

08 

37 ' 

07 

30 

65 

35 

G3 

34 

G1 

33 

59 

32 

58 

31 

50 

30 

54 

29 

62 

28 

50 

27 

49 

20 

47 

25 

45 

,24 

43 

23 

41 

22 

40 c 

t 21 

‘ 38 

20 

.36 

19 

. 34 

18 

• 32 

17 

.31 , 

10 

29 , 

15 

27 

14 

* 25 

13 

23 

12 

J>2 

" \ 

1 CO 

Ot' 

10 

18 

0-00009 

10> 

8 

< 14 

1 

13 


&re B,,>s the specific gravityidt any tem¬ 
perature a ,between 10° and 40°. and I), 6 is 
the Speciflj gravity at 25°. The values tit the 
coefficients ‘a, /S, and y are given in the following 
tablo. tj o 


Osborne,$M‘Kelvy, and Bcarce have given 
the following data, 1 which alloy of the specific 
gravity of aqueous aicohcA mixtures being 
calculated tfor any temperature between 10° 
and 40° C. * - 

The density of alcohol at 25° was found 
io be 0-78506 gran* per c.c. 1 

The specific gravity of various mixtures W 
alcohol and watch was (tet&taiined 10°, at 
40°, and ate each interval of 5°M>e£wecn these, 
temperatures.•* From the results, the values 
of the coefficients in the folio wing # equation 
were calculated: , ^ t 

tot = + a(l - 25) + P(t - 25)* + y{t - 25)* * 


( Alc6hol 

Sd. (lr. H 




per 

t out by 

25\ Grams 

a x 10 7 . 

/9X10 8 . 

yXlO 10 . 

Weight. 

per c.c. 




0 -000* 

4-907 

0fl97Ch7 6 

0-9983i7 

-2505 

-p£084 

-3119 

— £84 
-502 

p+319 

>311 

9-984 

o-980401 

— 484* 

+258 

19-122 

0 907048 

--4526. 

-393 

+ 180 

22-918 

0C62133 

-5224 

-3ft 

+ 100 

30-086 * 

0-950529 

-6431 

-226 

+ 47 

39-988 , 

0-931507 

-7488 

-145 

- 4 

49-901 

0-909937 

- 8033 

-128 

- 24 

59-970 

0-887051 

-8358 

-121 

- 24 

70012 

0-863380 

-8581 

-117 

- 9 

80-030 

0-839031 

-8714 

-108 

- 69 

90-037 

0 813510 

-8740 

- 93 

- 61 

99-913 

0-785337 

-8593 

- 57 

- 6(4 


With the aid of this tabj^ and tlie following 
one giving an extended range of alcohol per¬ 
centages, tjje specific gravity of tfhy mixture 
of ethyl alcohol and water, at any tempers^;-.© 
actwern 10° and 40°, can lx? calculated from 
gthe foregoing Equation. t * c 


Aleohc 1 
' p«-r V 
e<\ t by 

Sp. (0. ft 

Alcohol 
; • p<r 

S|>. Or. at 

25 . i r,° ms 

2-> J . Grams 

Weight. 

4. 

| Weight. 

* per c.c. 

t o 

0 997077 

5>¥r-' 

0-898502 

2 

HM03359 

: c oo . 

0-880990 

5 

0 

o-oseyw. 

c 01)86563 

-05. 

1 

0-875209 
0-8633;9 

10 

0 9^)434 

• 75 

0&133U 


c 0 0733-fc 

8«. 

0-839114 

. 

20 * 

0 06(692 

85 v 

-0-820596 

* 25 

*0^958940 

90 

0-813022 

• 30 

0*9506J2 ® 

95 

0-79991*2 

:« 1 

0-941459 

98 

l; 701170 1 

c 40 

0-931483 

t*0 

*0-788135 

45 

0-p20850 

1 100 

0-785058 

w 

ocooS^ 11 




1 Bull. U.8. Burtfjf of Standard*: Scientific 
Paper No. 107. 


Table IV. on the following page shows, the 
specific gravity, referred to wafcfer at 4° Ctoas 
unkyy of aqveous alcohol at seVen difi^pt 
tempenKures. 1 w c 

§(5) Hydrometers (“Areometers’’^—T he 
general priikipK’ of the hydrometer arc dealt 
with elsewhere in this yprk (see article “ Hydro¬ 
meters ”). Here we need c^Iy ^consider the 
forips which have been more particulc rly asso¬ 
ciated with th^ development, of alc6hol«m£cry. 
The firsts of these, 8 “ Boyle’s Bubble,” ^aa 
composed of two glass bulbs, surmounted by 
a glass stem. The Jower and smaller bulb 
<• C Phil. Trans., 1075, x. 320. 
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it Table IV } 

Density (ik GraT> pe^ c.o.J of A Iccpoi- Water Mixtures ' 


Per cent' 
Alcoh%lb» 
Weight. 


Temperature “ C. 

10*. 

-. 1 . 

15^. 

'» 20°. 

25°. 

80°. 

35*. 

40°. 

• o 

0-99973 

0-99913 

0-99823 

0-99708 

0-99508 

0-9940C' 

0-99225 

6 

•99098 

•99032 

•99938 ' 

•98817 

•98670 , 

•98501 

•98311 

10 

■98393 

•98TC4 

•98187 

•98043 

•97875 1 

•97085 

•97475 

15 

•97800 

mm 

97514 

-• -97334 

•97133 

•96911 

> -96670 

20 t 

0 -97252 f ' 

mr* 

■96864 

■96039 

•90395> 

•96134 

•95856 

acr 

•96005 

' •90424’ ' 

■90168 

•96895 

•95007 

•95300 

•94991 

30 

•95977 

•9^086 

•95382 

•95007 

•94741 

•94403 

•94055 

35 

•95 ur. 

•94832 

•94494 

•94146 

•93790 

. -93425 

•93061 

40 

•94238 

•93882 

0-93518 

•93148 

•92770 

•92385 

■91902 

* 45 

•93226 

•92852 

•92472 1 

•92085 

•916„2 

•91291 

•90884 

50 

•92162 

•91770 

*•91384 

> -90985 

•00580 

■90108 

•89760 

65 

•91055 

•90059 

•90258 

•89850 

■89437 

•89olG 

•88589 

00 

•89927 ■ 

•89523 

•89113 

•88099 

•88278 

•87851 

•87417 

05 

•88774 

■88304 

•87948 

•87527 

•87100 

•86007 

•80227 

70 

•87602 

•87187 

•86760 

•86340 

'85908 

•85470 

•85025 

75 

•80408 

•85988 

•85664 

•85134 

•84098 

•84257 

■83809 

•80 

•85197 

•84772 

•84344 

•83911 

•83473 

•83029 

•82578 

85 

•83951 

•83525 

•83(595 

•82600 

•82220 

•81774 

■81322 

90 

•82054 

•82227 

■81797 

•81302 

•80922 

•80478 

•80028 

95 

•81278. 

•80852 

•80424 

•79991 

•79055 

•79114 

•78670 

W° 

*•79784 

•79300 

•78934 

•78506 

•78075 

•77G41 

•77203 


co^jtg>iped mercury, the larger contahied water; | 
these liquids served as ballast to mairttayr the; I 
instrument erect when in use, Placed in I 
water, it sank only so far as to cover the bulbs, | 
leaviflg the whole of the stem exposed. Placed 
in strong alcohol, i> sank till Qily the top ( 
the stem remained uncovered. I.i mixtures' of 
alcohol and writer it sank to intermediate 
motions depend^,* upon the proportion-) of 
the two ingredients. The larger hhc proportion 
of alcohol, the deepen the “jhulfblo ” sank. 

The # pof^ibility of Adapting instrument 
for use in assaying spirits quickly per-, 
ceived, and ^arhtus improvements %'we Sug¬ 
gested. Moncony (1679) describe^ a gla^s 
areometer terminating be*»w in A Rinall lo^p 
carding a ^ilver hook, by r^eans of nvhich a 
gRUluated slries of silver rings could He 
attached (h grain, £ grainy and so on), thus 
■%fE#rding a mqpns of miking •comparative 
measurements and extending the range of the 
instrument. Later, 1 the stem of the areometA 1 
was^tmghly graduated by mecAs of “ small 
bits j^f^iass. <0 different colours, f^uck o^ ijfct 
s)4t&ide ” ; or it was marked off into degrees 
bylines. I’lllTbrm probably used by revenue 
officers % tjjJ? period 1730-i7(^) h.*3 a gradu¬ 
ated stem, tapering to a point. § 

. Clarke's hycteometer \Jas brought under the 
notice of tjie Royal Society by Desaguliers in 
1730,#mjl was in use fcfr revenue work so Ac 
, thirty years later, Ihough it not receive 
statufiwy sanction until 1787. It was made 
of oopper, and had ifn attachmfnt at the base 
* Phil. Tram., 173(? x.txvl. 277 # • 


| to which different weigh 'a could be screwed; 

| the.^c allowed the total mass of the instruipent 
I, to be varied, md gave it a greater range in 
| use. One especial feature may be noted: 
the hydihmeter was provided with special 
“ weather weights,” for use when £he weather 
was “ hot,” “ warm,” “ cold,” and so on, thus \ 
inf inducing a rough correction for variations of 
specific gravity due to changes in tempedituro. 
ijjere were’ three marks on the one 

showing “ proof ” strength, the others one- 
tenth under prqof and one-tenth over proof 
respectively 19 per cent under and over 
proof^ The idea t of making a correction for 
temperature had already been iutilised in 
Martin's ’hydrometer, an instrument* devised 
for finding the specific gravity of spirits, and 
furnished with a “ scale of lines,” on the prin¬ 
cipled the slide rule, for converting ihe hydro¬ 
meter readings iuto spirit strengths. Clarke’s 
1 instrument was provisionally sanctioned as* 
the official hydrometer in J787 (27 <Teo. III. 
c. 31). Tliis sanction was continued from time 
to tjme until 1801, when the prevision w^a { 
made pttfnjnent (41 Geq. II>. c. 97). 

* teas's hydrometer mu^l also be briefly men¬ 
tioned, sineb, altHbffglf it does not appear to 
have *been m*cl? used in this ooimtvy, it # was 
Adopted in 1790 as the legal instrument for 
alcohol-tesf^n^ in*the United States, and em- 
ployedi t£ere for some* sixty years. ^It was 
* matje of gilded brass or copper, and the weights 
Vere not submerged as in Clarke’s instrument, 
but placed on the top of. the stem. The 
readings, like* those of Maftiu’s hydrometer, 
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were translated into spirit strengths by means 
of a slide rule. Dicas’s instrument'“.was 
eventually superseded in the United Qltat^s 
by Greiner'8 “ thernltf - alcoholometer,’an 
instrument graduated to show percentages 
of Trailer’s alcohol, and carrying a Fahrenheit 
thermometer incite lower part. This in trim 
was replaced by a hydrometer constructed 
by Tagliab i/e, showing y ercentages of (U.S.J 
proof spirit: this is the form still employed in 
the United States. f 

Both in Scotland and 4 in Ireland Olarlrc's 
hydrometer was used soon after its adoption 
in England ; but later two other instruments 
were officially recogftried in Ireland—first, 
Hyatt's , and then, in 1802, Speer's hydrometer. 
In the latter instrument, mure particularly, 
the claim was made for an improvement in 
allowing for changes of temperature. Clarke’s 
mothod, in fact, had become too cumbersome, 
with its unwieldy notation and its multiplicity 
of weights to meet different requirements— 
there were 54 weights supplied with the official 
instrument, and in 1810 Sikes’s hydrometer 
superseded it, as well as ^he others. This 
instrument is the one still employed for fiscal 
purposes in the United Kingdom, and on 
account of its importance it must be (^'scribed 
at some little length. Before doing this, how- ■ 
every mention may be made of Lon's be< fds, 
devised by I)r. #Wilson of* Glasgow, and 4 
patented by Mrs. I. Lovi, a glass worker, and 
J. R. Irving in 1805. These beads ” are 
, sm&ll hollotvtglass balls of different sizes and 

• weights, and marked in a graduated scricf to 

show yther specific gravities or spirit streitgthfi 
On placing these balls in a spirituous liquid 
the one •which just floats steadily in a*y 
position shows the specific gravity of the liquid, 
or its proof strength, accondinf to the^narkirig 
of tlfe “ bead.” 9 * f 

§ (6) Sikes’s Hydrometer. —In th<E year- 
1802, iijifiroved hydrometers and# methods 
of assaying spirits w^re inquired for by the 
Treasury, and a scientific committee was 
appointed to adjudicate upon the vicious 
proposals* submitted^ The instrument and 

* tables tendered by Bartholomew Sikes, a 
former Secretary of Excise, were selected. 
Sikes was well acquainted with Bidden and 
Gilpin’s published experimental results, and 
availed hirtfself of them when nect^sqfy. •His 
fiscal alcoholic strengths ajipcar, tindeed# to 
have been calculated nuynty/rom Qjlpin’s data. 

Sikes’s hydrometer 1 consisted a gilded brass 
bulk, 1-5*inches diameter, tfl the bottoq| 
of which is affixed a short, tapering rod ending 
in a pear-shaped counterpoise, •vlfilst on the 
top is i thin stem of Rectangular notion, 3# 
inches loijg, marked off info 10 equidistant 
spaces or “ degrees.” Each degree is sub¬ 


divide?! into fifths. The degree* are marked 
from 0 toft), beginning at the top of the stem, 
and % re ®f arbitrary value—that is, they do 
not by ®Semselves express the sti^ngth of 
the spirit^r its specific gravity, but are corre¬ 
lated witfc the la ales supplied with the instru¬ 
ment. The readings on the stem are called 
the “ Indication, ,# and corresponding with eaqji 
indication-number the tables show the strength # 
of the spirit testcfl, in fenns of “ proof,” “ over 
proof,” or “unop?r c proof,” With its 10 divi¬ 
sions, each liavmg 5 s^wdivisions, the* instm- € 
ment gives®50 indication-numbers, fiainely 0, 
c 0'2, 0-4, 0-6, and so on ujj to 10 0. At the 
tempera^uicrGO 0 F., these indicafions corre¬ 
spond with strengths of spirit from 67-0 ovA* 

* proof dbwn to 58-2 over proof. For lower 
j strengths than these the instrument is too 
; light: it will not sink in the weaker, and 
j therefore heavier, alcohol. To meet this diffi- 
i culty, weights are employed, which rest on the 
counterpoise when in use, and are therejpre 
! immersed in the liquid tested. Nine such 
j weights are provided, numbered 10, 20, 30, 

! and so on* uj> to 00. Their volumes and masses 
| are so related to those of <Tic hydrometer that 
I they furnish a continuous series of indierftion- 
numbers, aggregating 500 for the whole range, 
and allywiftg of the instrument bein^u9cd 
*for &e dete|mination of ^ilcoholic strengths 
ranging from 70 over pteof down to nti. 

In addition to the nine weights,'a bra^i cap 
i# supjjied whiefc Jits on to the top of the stem 
(6«the hydrodfrfer. ^ Tlie weight of this cap 
is^ exactly one-twelfth of that shown by the 
instrument and the wei^jj^ No. GO taken 
t.ogftker. # If this cap is placed on the insftfJ* 
ment, togeth£%with theVeight So, it will sink 
the hydryrn^ter' ifi distinct water at £1° F. 
down to a ceftain mark on the stem at the 
j •divjsion (18—that is, the “vindication ” shown 
J is (30-8.* This n«irk is called tlri “Riroof mark.” 

I ft the cap*ls removed, and the instmment with 
! weight ^0 pTacecV irl* proof spirit atR>l° F., the 
! indication will be found as before-viz. 60;$. 

| As the same volume of liquid is displaced in 
i the two experiments but the weight supported 
• in fine second case is only jiftfls of that in the 
I l^rst, it follows that the density of the proof 
| spirit at 51° F. is {Hths of that of water nt tho 
I same temperature. • 

*Tfe3^ordi*ary Sikes’s hydrometer caim^o 
used with very strong spirit^-*?^ thnse- of 
strength upwards of 70 o.p. (#-tl»-95#^er cent** 
of alcohol my ♦olume). It has tltereforo been 
| supplemented by smaller instrument of 
| similar design, known as Hie light hydro- 
i mfter ” or the “ A ” instrument, This extends 
^ the range up«f>o 73-5 o.p. a4,60° K, cofrefl^ond- 
ing with 98-9*^per cent of alcohol by voitJme, 1 
and up to 74 (\o.p. aj 30°„F. * 


1 .See also “ HydwdJeters ” for a Consideration of 
sources of error. # 


In using Sikes’s Iqydrometer, after the tem- 
perat9re*>f the liquid has been observed the 
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instrument is to be immersed until i 
divided part qf the stem is wet; thl 
required for this will serve as a L 
selecting the proper weight. After a^l 


' ;..““cnr 

w-^hcile 
Lpre&fluro- 
£nd<f in 
aching 

this weight, the hydrometer is again ijnmersed 
to the division 0, and allowed’to riS slowly J 
to the resting-point. The eye is^then broiight 
tr*the level of the surface of t?ie liquid, and the 
■ j5art of the stem cut by that surface, as seen 
„ from, below, is noted. Tli* rea*ng of th#atem 
thus givqp is abided to nu^nl|r the weight 
t to obtain the indication# * 

As regards reading hydrometers in general, 
see the ar^eles o# “ Saccharon^try ” and 
“ Hydrometers ” : ordinary hydrometers are 
Hfmersed up to the resting-point only. 

§ (7) Proof Spirit. —In this countty, and 
also in the United States and in Holland, fiscal 
charges on alcohol, as well as many com¬ 
mercial transactions, aro not based directly 
upon the percentage of actuaf alcohol con- 
taiq^d in spirituous liquors, but upon the 
proportion of aqueous alcohol of a certain 
strength, termed “ proof ” spirit. TJie strength 
adopted as “ proof,” however, is not the same 
in the three conn trie, h Confining our attention 
for thB moment to the United Kingdom, proof 
spirits, legally, spirit of the strengUf denoted 
as proof by Sikes’s hydrometer (Spirits Act, 
1880, sec.^34). Another legal defi* ition n rakes 
proof, spl! it “ that whiclf at the temperature of 
51° Fahrenheit’* thermometer weighs 
exactly twelve-thirteenth pjfrtl of an fquaj 
measuro of distilled watc$” (?><? Goo. Ill. 

140). The tempry-ature of the ^vater is nofr I 
expressly stated i.-^his definition, but it \yis | 
giwfi as 51° F. in. tables issued by ^ik*s foP use I 
with his instrument , aijd is adopted. | 

; Drinfcwater, in 1*4#, pubhshed^thf results 
of a very citrcful investigation upon the corn- ^ 
position of proof sjiiftt, prepared; aco<#ding*to " 
tho above dellniffon, from ti# ” absolute ”, 
nloohol whicli he had ob^uned #s # already 
described. Calculating the expulsion b^tweeri 
51° and 60° F./rom Gilpin’s data, he conclude^ 
that proof j^iirit consisted of 49-24 per cent 
absolute alcohol by weight, ar^l 50-70 |y>r J 
cent of water; that its specific gravity at 
G0°/60 Q F. was 0-91984 ; and that the strength 
of the absolute ^alcohol was 75-25 degrees over | 
proof.® These \y,lues have been slightly modi^i 
1 iic^*bf .Thorpe’s recent revision, and tho fi/gRres ' 
nrn^ftccttptqjl 4ov proof spirit are : 

• Spec, wptiif, S-8I978 at 15-5671f>-56° C. ; 
percentage oftUcohol by weight,%9-S ; or by 
i volume^t 15-56° C., 57-10* Strength of absolute 
alcohol, 75-35 cfegrtiSs over proof. 

J Subjoined i| a table shg^ving the percentage 
. of proof spirit corresponding with^etch integral 
* in^inawon-degree of Sikes’s hydrometer at 
^ 60° F.* The complete tables shr*w each fifth 
of a degree, and cover a ra*go of temperature 
from 30° F. to 100° F. • * 


/, 


Table V 


PagOF ^PIRIT STRENGTH -CORRESPONDING Wr** 

tj#b Indications' ot Sikes's Hydrometer. 
♦emp. 60° F. 


g 

J 

s. 

Strength 
Over Proof 

Tiidicatj^n. 

Strength 
Over Proof. 

' 1 


__« 

* 

• 



bight 


Ordinary 


Hydrometer 
4 A0 

73-5 

•Hydrometer 

45 

•19 7 

* 1 

72-9 

46 

18 3 

> 2 

72-2 

47 

17 0 

3 

71*0 

48 

15-6 

4 

71-0 

^ 49 

14 3 

5 

70-3 „ 

50 

12-9 

G 

690 * 

51 

11-5 

7 

6*9 

52 

10*1 

8* 

68-2 

53 

8-7 

9 

67-5 

54 

7-3 

Ordinary 


55 

5-8 

Hydrometer 


50 

4-4 

0 

G6-7 

1 57 

2-9 

1 

66 0 

58 

14 

2 

65-2 


Under I’roof 

3 

64 4, 

59 

0-2 

4 

03-0 

I 60 

1-7 

5 

02-8 

61 

3A 

0 

61-9 

62 

4-8 

i * 

01 I 

•63 

G-4 

. » 

60-2 

64 

8-1 

» 

59-3 

58-4 

65 

9-7* 

i« 


11-4 

n • 

57-G 

07. 

13-1 

12 

56-7 

G8 

14-9 

13 

55-7 

G9 

• 10 7 * 

W4 « 

54-8 

70 

18-0 

.• 1* 

53-8 

71 

20-5 

. lfi 

52-9 

72 

2-*4 

• n 

51-9 

73 

•4 4 

is 

50-9 

74 

26-4 

in • 

49^ . 

75 

28-5 

• 20 • 

• 18-9 • 

76 

30-7 • 

2I . 

47-9 

77 

32-9 

22* 

40# 

78 

35 3 

?3 • 

45-8 

79 

*^7-7 

24 

44 7 

* 80 

40-3 

. 25 

43-G 

81 

42-9 

2g 

42-5 

82 

45-7 

27 

41 4 

. 83 

4Mi 

28 

40 . 

84 

51 7 

29 

391 

85 

54 8 

5b 

38-0 

8i» 

t>8-2 

31 ' 

36-9 ] 

87 

# 01-5 

l •* 

- 35-7 
\ 34-G 

88 * 

t 89* 

. 65 0 

68-4 

TU 

* 33# 

f9ft 

71 -9 

,35 

• 32-2 •• 

• 91 * 

75-2 

30* 


92 

. *78-4 

9 37 

29-8 

9» 

81-4 • 

38 

28-fit 

94 

84-4 

39 

*27-3 

95 

87-3 

* 40* * 

26-0 

• 96 

9^0 

* 41 

24-8 

97 

J92 6 

1 42 

23-6 

98 

*95.1 

43 
. 44 

^2-3 

21-0 

& 

97-G 

100-0 
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“Over” and “Under” Proof .—If na over 
proof strength is added to 100, the supi\^pre- 
rents the number of volumes of spirit at p^pof 
strength which 100 vdumos of spirit a r c that 
particular over-proof strength would make. 
Thus 100 vols. of spirit at 25° ov£r proof would 
make 125 vols.,of proof spirit. r 

If an unde" proof strength is subtracted' from 
100, the remainder shoe's the volumes of proof 
spirit which aro contairled in 100 vols. at that 
particular under-proof t strength. Thus 1(H) 
vols. of spirit at 25 degrees under proof coktai^ 
75 vols. of proof spirit. 

The sum and the remainder show, in fact, 
the percentages of alCohol, calculated as proof 
spirit, in the stronger anti the weaker spirits, ( 
respectively. The following examples show ho\\f 
to calculate the equivalent proof quantity of 
any given volume of over-proof or under-proof 
spirit: (1) Given 120 gallons of alcohol, at 
strength 6-5 o.p. The equivalent proof gallons 
are (100+0-5) per cent of 120 = 127-8 proof 
gallons. (2) Given 150 gallons at 12-5 u.p. 
The equivalent proof gallons are (100—12-5) 
per cent of 150 or 131-25 proof gallons. 

“ Proof spirit ” terminology is confusing and 
cumbersome, but there is no loss of scientific 
precision in thus adopting a diluted alcohol as 
the unit of measurement, instead of absolute # 
alcehol. By means of its specific gravity the \ 
unit of diluted afcohol can bt defined to nnj* i 
degree of accuracy required. “ Tlt?re appears 
to be no reason, either philosophical or prac- i 
tidal, why t£ie alcohol should be considered as j 
absolute. A definite mixture of Slcohoc and 
wate£ is as invariable in its value as atisoliUc 
alcohol can be. ... A diluted alcohol is, the* e- 
fore, tlfet which is recommended by us as^Uie 
only excisable substance.” (Report by Omn- 
mittee of Royal Society tT^tlfe T^eas^ry, 1833.) 

The legal authority for the use of Sikes’s* 
hydrometer for fiscal purposes in thej United 
Kingdo^iPis contained in the Spirit* Aet,*1880, 

8. 134 : “ All spirit^shall l)e deemed to be of 
the strength denoted by Sikes’s hydrometer 
... in accordance with the table lodgfjfl with 
the Commissioners ”Jof Inlaid Revenue]. Re¬ 
vised tables were publish%d in 1912 ; the legalt 
Nation of these is contained in See. 19 {>f the 
Finance (No. 2) fket., 1915. It maf, however, 
be noted that.the revenue authorities may, by 
•regulations, no^authorise the u8e\>fk^ ny ?ncans 
approved by them ^!r ascertaining the strfngth 
or weight of spirits (Einyv’e Act# 1907). 

Sikes j* tables are so constructed as ty snow, 
fo*a given spirit, the same strength at what¬ 
ever temperature (within# the limits of the 
tables) the strength is taken* k spirit, for 
instate, which shows 02 0 degrees*?) vfr p* H 
at 00° #F. will show the same strength ^it 
55° F. or at 65° F., though itg “indication” 
will bo differe£«t.« The tables, however, do 
not take account of changes in volume due to 


alterations of temperature. Tftis is certainly 
a defect S but the errors arising therefrom, 
whfch W>\\ be sometimes in favour of tho 
revenue and sometimes against- it, are not 
regarded as of mucjji practical importance. 
r § (8) ( Use*of Sikes’s Hydrometer in 
finding Ti/fc Volume of Spirits from 
their Weight. — Experiments have been 
made to determine the specific gravities whiefy 
correspond wjfh tite indication-numbers of 
Sikes’s hyc^fon( jtqj*. TJ^e resultsyare embodied 
in a statutory table,.'which is authorised foi^ 
use in evaluating spirits, and is employed in 
ascertainiryr the quantity of spirits in casks 
by thy method of weighing (Schedule to 
Spirits Act, 1880). A revision of the original 
table fras published in the year 191(5, and 
an abbreviation of it is reproduced here. 

Tahle VI 

Weight of Sitrits i*er Ballon by 
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Hydrometer 
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1ml. 

Wt. per 
(Jallon, lb. 

1ml. 

Wt, pc-r 
(Jallon, 10. 

Ind. 

Wt, per 1 
(Jallon, lb. 
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ft . 

— ! 



A 

Ordinary 

Ordinary 


Hydropic-tor 

Hy 

IrometcT 

* Hydrometer 

0 

J-iwi 

25 

8-585 

03 

1 0 | 



• 8-007 

20 

8-002 

04 

9-295 


o'* 

8 #24 

27 

W120 

05 

* 9-314 1 


3 

8-040 

28 

' 8-038 

00 

• a 383 

4. 

8 057 

29 

• 8-050 

07 

352 

c 

r,\. 


CIO 

8-074 

08 

9 371 

° 

e 0 


•'+. 

8-090 

09 

9 390 


7 

8-107 

32 

8-708 

* 70 

9 410 


8 

*9. 

f 81-3 
8-140 

33 

34 

8-7*0 

S-^44 

71 

9 430 

9*49 


10 

c 8?r>7 

35 

'* 8-7*;2 

72 

9-408 


Ordinary ' 


e 8-780 

74 

9-187 


My 

IrirlmA-r' 

27 

‘8-708 

~t 

• 9 r»(w 


0 

8-157 

-:<h 

8-810 

70 

9-520 

•1 

i 8-174 

39 

HW 

» 77 

9-545 

t 

2 

8-19<> 

40 

hhK 

*78 

9-505 

: 3 

P 4 

' ty 207 

u 

8-809 

70 

9-584 

a 8-221 

42 

8-887 

80 

%004 

* n 

8-241 

43 

8-905 

*»' 

9-024 


8-258 

44 

<+921 

82 

9 043 

! 7 

85275 

45 

8-942 

fa 

9-002 

•8 

8-293 

J?i 

8-01*1 

84 

!)■§):!*} 

9 

8-310 

47 

8-979 

85 

9-702 


10 

8-320 

48 

8-997 

80 

9-721 

i 11 

8-iM2 

49 

9-010 

87 

•^741 

@ 4 

S-:w> 

50 

9 035 < 

, 88 

. j-r,i 

! 1 vH 

8-370 

51 

905- 

89 


! 14 

8-394 

52 

9 071. 

•oy 

• 94101 , 


1-, 

8 411 

53 

9-08# 

9-821 

i 

10 

S-4*. 

54 

9-108 

•92 

9-840 

! 

17 * 

8 440 

S* 

9-120 

‘42 

9-800 


IH 

8-403 

50 

9tf45 

* 94 

9-880 


,1!) 

8-481 

57 • 

9-104 

i'i 

94)00 


20 

8^98 

58 

a i s:i 

»n‘ 

•9-920 


21 

H-5f 1 

59 

9 202 

97 

*•940 


22 

8-532 

00 

9 220 

!»H 

• 9 901 


23 

«• r.f«( 

«!• 

•9-239 

99 

9-981 



8-507 

()? 

9-257 

100 

10-001 

. J 
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If tho decimal point be moved j>ne place mixtures of pater and absolute alcohol ” 
to the left, the numbeas showiii* weights dra^Jip by the National Bureau of Weights 
per gallon will represent specific grlMeii) for alyl Measures, in which the specific gravity • 

1 gallon of distilled water weighs IV As. of Bfc absolute alcohol is given as 79-433 at 

The. method of using tlys table is follows. 1 5' m vacuo, water at the same, temperature 

Suppose that a cask has 9eeif weighed first being taken’as 100. Tho effect is to show - 

empty and then when filled with spirit, *an<? sligUtly lower values than tliojo of the original 

tjje weight of the latter thus ffiund to be 600 lbs. instruments, with a maximumadilTerenoe of 

Its indication is, say 7-0. Then from the 0-4 per cont. • 

‘table, tho weight of th* spilt per gaRon is With slight adaptations, Gay-Lussac's in- 
8-275 lbs. Tjje volume of the ijiiril is therefore sfrument and tnhjj-s arc also ilhed for 
600-^-8-275 — 72 •5galft$ps. These ]|ulk gallons, Lfisetl purposes in Belgium, Norway, and 
of which the strength is known from tho Sweden. In Spain, both Gay-Lussac's and 
indication pnd tl^ temperatur^ are then an earlier French hydrometer (Cartier’s) are 
converted into the equivalent proof* gallons employed. ** 

iR tho manner already shown. Thus if the* In Germany, T.alles’s alcoholometer and 
temperature is 00° F., the indication being • tables were usefl during the greater part of 
7-0, the strengtli is found from the table the nineteenth century, and the instrument 
(ante) to be 01-l over proof. The equivalent is still employed oflicially in Italy, and 
number of proof gallons is therefore 101 1 commercially in Russia. It is a glass hydro- 

percent of 72-5= 110-8. * meter showing directly the percentage of 

j^ti practice, the actual division (weight alcohol by volume at 15-0° t\ The alcohol 
of spirit in lb.— weight per gallon) is oh- taken as basis had the specific gravity 0-7946 
viated by the use of tables (Loftus’s at I5 0°/15 0° (•. For use at other tempera- 
tables) which have been worked out for the turcs, tables were supplied, 
purpose. • » Trallcs’s system has been superseded in 

§ ( 9 ) ALCOjronoMETitY in Foreign CotJN- Germany by the adoption of an alcoholometer 
tries.— Iii France, the assessments of spirit graduated to show percentages of alcohol by 
dutiefc is made with the centesimal ajcoholo- ^ ^weight at 15° C. The tables adopted are 
meter ai^l tables of Gay-Lussac* whichruate bastd upon tlie results of MendelecfFs investi- 
froin tlif. year 1824. Tife range of the alcoholo- •gations. The Official alcoholometers are made 
mete|(hydrometer) extends from “water” to of glass, and contain a thermometer in the 
“ absolute alcohol,” and is*dtvided in^> 106 lower part, so that the one instrument shows 
degrees, each degree representin'?; J per cent*ni both the temperature of the sfifit and* its* 
alcohol by volume at the temperature 16° <*. ale<#r>lic Strength. Although the latter is * 
Throe separate 4cistruments are •wed # to •lUkeif by weight, for the purpose of clarging 
cllvfcr this rajige. One extends, fr^m 6° to cfcity the rqpults are converted into volumes 
35°; the next from* 35° ^Kr; and the [ of* absolute alcohol (at 15-0°) by means of 
third # from 70° 100°. *If tfce spirit | tables wjiieh show the number of litres 

tested is *at the temperature 15° 0., the j absolute *ale$h<J* corresponding with # any 

reading of the jnfltrument slfbws #jthc for- given number of kilograms of the spirit * 
ccntage of fclcdhol by volume direcfly : tested* • 

reading of 40, for instance, incites that Iif whaP was formerly the Austritfh,Empire, , 
the # sj)irit ‘contains 40 jier •cent of *alcohT>I Meisner’s areometer was used for the assay 
by volume.# j * spirits. It is an instrument very similar 

At temperatures *higher or lower than 15° to tjiat of Tralles, but indicating per- 
^the readings arc termed “#ppar^Vtt degrees,” centages of aleoljpl both by weight ifhd by 
ana Gay-Lussacs chief table (Table de la ►volume. The alcohol on which the tables* 
force reelle des liquides spiritueux) gives th# aro i>ascd had the sp. gr. 0-795 at 1^°/12° R. 
true percentage of alcohol cor responding with (I5°/15° OP). * 

thefif “ appar^i t ” or “ observed ” reading^ In Holland the official hydrometer is devised 
y^sfiofys also the corresponding* eorrgetion upotf a 4®ffcrcnt plan from.#ny eff the fore- • 
foji*th% ch^p^e in volume which the spirituous goiiffe. Thif steal is graduated in terms of 
•liquid ^j^^dwgone with the variation of th^ vo)ume«of the*jpstrament"below the zero 
temperature* from tho standard. The true mark* each d|g:te being one-hundredth part 
quantity of alcohol can AHhs be calculated. this volume. The graduation is tbus*not 

As already ^nertlioned, the alcohol used as arbitrary as with Sikes’s instrument, nor does 
the basis* <^f Gay-Lui^hc’s original tabks ; it show p^rclhtages of alcohol directly, like 
had^flie specific gravity 0-79^7# at 15° C. * Gty - tiumac's or Tritlles’s alcoholometers, 
referred to water at the same temperature as j 'fabfea are supplied which convert tHe indica- 
unityf In 1884, hoyeve^ it was decreed that tions of. the ^hydrometer into percentage of 
Lhe graduation of alcohcfcwietcrs should be j alcohol by volume at 15° (* ;Vmt the standanl 
based upon a new “ table of the deflsitics of i adopted for fiscal charges is “ proof ” spirit, 
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which at 15° contains 60 per cent by volume of 
absolute aloohoL \ 

»*A metal hydrometer essentially similar r to 
that of Sikes is used officially in Russia. 
It is graduated, however, in the reverse 
manner to Sikes’s instrument, ‘ water being 
represented by pro on the Russian hydrometer 
and strong Spirit by 100. The zero mark, 
therefore, is at the Bottom of the stein. 
Tralles’s alcohol is taken as the standard, 
and thb tables used ^vith the instrument 
show percentage of this alcohol by volume at 
125° R. (15-6° C.). V 

In the United States, the Customs duties 
upon spirits were formerly levied in terms 
. of alcohol percentages. (Objections, however, 
were made to this practice, oft the ground that' 
it did not conform to trade usage, which was 
to buy and sell in terms of proof spirit. After 
inquiry, therefore, by a Committee appointed 
in 1866 to examine into the whole question 
of testing spirit strengths, it was decided that 
“ tho duties on all spirits shall be levied 
according to their equivalent in proof spirit," 
and this system has continued in use to the 
present time. Tralles’s alcohol was taken as 
the "standard, and the United States’ proof 
spirit contains onC|half of its volume of this 
alcohol at lob’’ C. Gilpin's results wen* 
largely used in compiling the tables for* use 
with the hydronfeters, of which there is a< 
series covering a range of graduations from 
^ 4 to 200°. At the standard temperature, 

• 60 F. (15<ri* C.), distilled water is represented 
by 0° on the hydrometer scale. [9roof ipirit 
by IQ0°, and Tralles's alcohol by 200°. tr 0 < 

In Switzerland, Reek’s hydrometer, *u 
modified form of Ratline’s instrument, t’is 
employed for alcohol testing, its f.cru point 
corresponds with the speftjfic'gnrvitteof water 
at 12-5° 0., and the indication 44° with that 
of Tralles’s alcohol. r- •» 

Table, ?II. shows for the principal fdteign 
countries the alcoholic strengths correspond¬ 
ing with various percentages of British 
proof spjrifc ’ 

§ (W) Alcohol Cpnvkrsjon Kquations.— 

The quantitative relations between specific' 
gravity, giroof spirit, and percentage of a|fohol 
by volume and bty weight can lie summarised 
Hi tho following equations : 

Let S dbnoteathe sp. gr. of aVjfacimtn of 
alcohol j P the pespentage #f prAif spirit, by 
volume j V fhe pci*;eni»ge of* alcohol by- 
volume v W the percentage* by weighs, and 
G t@e grams per 400 e.e. 


a Tabus VII 0 

FojtKtojo ,.\r,cononc Stbenoths cbaaEspnxnixo 
(TiViTii British Proof Values 


Then P = 1 -7535V= 2-2095^',^ 

% * * • 

t V = 0-5703P — 1-2601W.S; 

W = P/S x 2-2095 = 0-7036WS; 

c* * 

and G = 0;7928V = 0-4521P. 


Great 

Britain 

Proof 

Spirit. 

Per 

cen^. 

r 

n France, 
Belgium 
Alcohol 
by 

Volume 
at 15°.f 

f' 'italy, 

| Russia, 

J Austria 
(Tralles). 
Alcohol by 
Volume 
at,pl5-G J . 


Germany 
Alcohol 
by o 
Weight. 

6 

id 

f ¥ 

if* 7 

° 2*3 

10 

5-6 

6-7 

11 4 

4^6 

15 

8-5 

8-0 

17-2 

0-9 

20 

ft-3 

11 4 * 

22 C 

9-2 

25 

‘14 2 

14-3 

28 0 

11-0 ft 

30 

17 1 

17 2 

34-4 

13*9 

35 

19-9 

20 1 

40-2 

10-4 

40 

22-7 

22 0 

45-8 

18-7 

45 

25*5 

25-0 

51-5 

21-0 

50 

28-4 

28-0 

57 3 

23-5 

55 

31$ 

31*5 

03 0 

25-9 

60 

34 2 

34 4 

08-8 

28-4 

65 

37 1 

37 3 

74 7 

29-6 

\0 

39 9 

40 1 

80-1 

33 4 

75 

*2-7 

42*9 

85-8 

35-9 

80 

45 (j 

45-8 J 

9b 4 

38 5 

85 

48-3 

48-5 1 

97-0 

4£1 

90 

r 51*2 

51-4 | 

10*8 

43-9 

95 j 

f 54*0 

54-2 

108-5 


H;o o 

50-9 f 

57-1 

114-2 

49-3 

106 [ 

56-8 

000 

1200 

r, 52-1 

110 j 

02*7 

02-9 

125-7 

* 56 ;0 1 

115 

0545 

05-7* 1 

131*3 

5%-9 1 

12<^ 

08-5 0 «, 

««■« , ! 

137-0 

GO-8 | 

125 

71 S 1 ! 


142-8 

03*9 j 

130 ! 

74-J 

*74-2 J 

148-4 

07*0 ! 

135 < 

'5 40 ! 

77-0 ! 

79-8 ! 

77 i i* 
79-9 1 

154-2 

159-9 

70*2 j 
73-4 o ; 

145 ; 

' 8*7 

82-G L 

107)0 

70-7 

150 ! 

85-5 i 6* 

85’t: ,.j 

171-3 

80-1 

155 | 

8d:v , 

88-.7* 

177 * 1 

as *7 

160 

91-> 

91-3 | 

182-7 

87-3 

465 „ it 

941 ■ 

94-2 1 L 

188-3 

91-1 

170 | 

97 0 %! : 

97-2 O 

194*3 

95-3 | 


i ____ ' c. r s. 
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Ai/joiiolom KTRV. See “ faydrom^ters,” § {19). 

AlfrlMETKR SlL'ALE^, ToUHRAKtr'S ExPONENJ6A» « 

# Formula as the Basis ok. .See “Baro¬ 
meters and Manometers,” § (17). 

" c • ' 

Altimeters, Errors ok. Se<^“ Atmoafilxoro, 
P%sics “if,” § (4). , ’ 

Altimktkv, Barometric : tk' 1 i^erimnalioni 
of heigft fn»m observations of^ireSuro (and 
tenTpcrutiire). fce^ibid. § (4). 

American Units of VolitSe. *See “ Volume, 

* Measurements of,*«§ (4). § • 

ANKMOBiAontrii: an instrument designed to 1 
record thc*voIocity or,the force and*some¬ 
times also the Erection of the wind. See 
“ Meteorological Instruments,” § (20) (ii.). 








ANEMOMETERS-ANTICYCLO^E 


lNemometEr* : instruments for i 
the velocity or the forte of the \ 
Exposure of. See “ Meteoroloj 
struments,” §§ (20) (ii.), (23). 


Jneasuring 

IW 

>Ma 1 *In- 


Anemometers, Types op : • # 

1. Dines pressure tube : ' 

• Calibration of. See “ Meteorological In- 
# strument8,” § (20) (ii.). - 

Comparison with relords«if cup-a^emo- 
mjjter. • See ibid § (2^) f.v.)| 

Description of. Set ibid. § (20| (ii.). 
Exposure. See ibid. 

Recorder. S eembid. * 

• 

41. Fan. Sec “Meteorological Instru- <' 
ments,” § (18). 

Ilf. Pressure plate: 

Osier pressure plate. See “ Meteoro¬ 
logical Instruments,” § (10) (ii.). 

Swinging plate. Sec ibid. Jj (19) (i.). 

l9. Robinsoh cup: 

Comparison w ith records of # pressure- 
tube anemometer. See “ Meteorological 
Instrunfcnts, *» § (20) (iv.). 

T&nvorsiqji factors for different types of. 

See ibid. § (17) (ii.), (iii.), (iv.) *(v.). 
Jjescription of. See ibid. § (17) (i.k ( 
Recoiling forn^of. See ibid *§ (17) fvi.). 
PrQSsiile tube. Sfc “ Anemometers,” 
Dines Press me Tube.” 

• * I • 

Aneroid, English* AtfrjMET^fc ^ basis «f, 
graduation rfir, tabulated. Sec “ Barometer^ 
and Manometer^’ § (10) (iii.) (a)> Table 

fHi. , . , . • * 

Anerotd as Ai/riy.ftT^n: <ffect. of changes 
in\he internal structure nffttftc metal of 
the vacuum-bom Sec ibM. $ (18^(iii.). i 
Errors due to $ creep” or %'steresis* f?ec 

ibid. § ( 18 ) (iv.). • e 


uniform scam of heights. See ibid. § (18) (i.)? 

4l*§LE (OF SCRKy TllREADf, DEFINITION <*F. 
See “Metrology,” vii. § (23) (i.). 

• 

Angle* Measures of. The symlf >1 ir is used 
to ffenote tluyatio of the circumference of 
.rirclol) its diameter. # • # 

• * = 3-14159265, 

• log = 0-49715, • * 


i=0-?1830988C, 


.* *l?»g QrO-50285. 


■ (i.) The Radian.*—' Th$ unit*of measure¬ 
ment for angles is the* radian, whii^i is 
equal to the angle subtended at the 


centro of a circle by an arc of length 
equal to the radius. 

* # t r radians — 180°, 

• 1 radian -^7-29578° 

. -~57° 17' 44*81*, 

# 1° -0 017453 radians. 

» (ii.) The Point .—Wind detection is often 

• measured in points ^here 

1 point -% a'.v (360°) = 11 
** See Vol. I., “Measurement, Unit! of.” 

Angstrom’s Compensating Pyrhkliometer. 

• See “ Meteorological Instruments,” § (28). 

Antiieljon : a patch t? light appearing at 

the point of the sky opposite to and at the 

• same altitude *as the sun. See “ Meteoro¬ 
logical Optics,” § (22) (i.). 

Anticyclone. An anticyclone is a region 
where the pressure is high relative to 
the surrounding pressures. There are 
two belts of anticyclones forming almost 
complete girdles around the earth in 
latitudes 30° N. and 30° S., but in higher 
latitudes isolat'd anticyclones occur. In 
the latter the central regions are dis¬ 
tinguished by closed isobars of a roughly 
circular or oval form. • 

, * Near the centre of an anticyclone the 
winds are Jight and irregular, with *fre- 

• quent calms, but furtHbr out the winds 
arrange them wives clockwise around the 
isobars, the surface winds crossing the 
isobar^ at a small angle and*bf owing out 
tf the high pressure region. The anti- 

• * cyclone is conventionally regarded* as a 

• region oi settled weather, hut in practice 

* almost any kind of weather, shoi$ of gales, 
may 4 >eeur in its area. In summer the 

: * weatier ^ fr?qq£ntly fine, but much clgud 
rmyr occur, with rain in the outer portions. 
In Ji winter aifcicyelone we may find either 
a sky •overcast with stratus (aiftkyelonic 
gloom) or warm sunny days followed 

• by frosty nights, with thick fog in the 

Morning. * 

Anticyclone are usually greater ex- 

• tent than eycloifcs and they move much 
more slowly. When once set # up, an 
anticyclone may remain almost stationary 
for days, or in some cases for several^ 
weelv*if *The general ^direttion *of motion 
?s towards 4he east tor north-east. It 

# has be<?ii nottfl tfiat’ vety cold anti¬ 
cyclones i^suftlly move faster than warm 
0 anticyclones. * * 

Decum illation ofrair in. See “ Atmosphere, 
Tljermdd^amics of the,” §§ (15) and (16). 

• distribution of pressure, temperatuff, and 
« density, and height of tropopausc^ln. See 

ibid. •§ (5)jiTable III. 

Distribution of realised* Entropy in. See 
ibid. § (6), Fig. 10. 
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ANTONIUS DE DOMINU^S—ATMOSPHERE, PHYSICS OP THE 


Origin/and maintenance of ^the electrical 
rik'ld of. "Sec “ Atmospheric Elec- 
* ffricity,” jj (15). 


Effect of temperature on vertical extent of. 
Sec “Atmosphere, Thennodynaifiia: of 
the,” § (7). * 

General characterisecs of. See “ Atmo¬ 
sphere, Physics of,” § (18). t 
Pressure gradient in. See ibid. § (10). 

Types of. See ibid. § (10). * * 

Vertical fl#w in. See “ Atmosphere, Ther¬ 
modynamics of tho/ 1 § (10). 

Wind in. See “Atmosphere, Physics oi,” 

§§ (9), (10). r 

Antonius dk Dominus. Demonstration of 
rainbow. See “ Meteorological Optics,” * 
§ (»)■ 

Aqueous Vapour, Absorption op Radia- , 
tion by. See “ Radiation,” § (2) (ii.). «. 

Arcs : 

Circumzenithal. See “ Meteorological 

Optics,” § (21) (ii.). 

Kern’s. See ibid. 4? (21) (iii.). 

Of Lowitz. See ibid. § (20) (iv.). 

Paranthclic. See ibid. § (22) (iv.). 

Parry’s upper. See ibid. § (20) (vi.). 

Tangent (upper and lower). See ibid. §§ 
(20) (v.), (21) (iv.). ' 

Aries, Kirst Point ok: basis of sidereal 
time at any place. See “ (.'locks upd Time¬ 
keeping,” ^ (1). ' ♦ 

Arithmometers. See “Calculating ’Ma¬ 
chines,” § (4)e r ‘ »i 

The Thomas. See ibid. § (2) (i.)#i 
Assmann Psychrometek : 

^leasureAifcnt of temperature by. See 
“Meteorological Instruments,' § (0)5* 
Description and use of. See “ Humidit ^ 

§ w- 

VtMOSI’HERE : 

Absorption of solar radiation . by. See 

. “Kadiation,” ^Vlf(i ) t (Wii.). , , 

As a heat - engine. Set; “ Atmosphere, 
Thermodynamics the,” §§ Jl), (24) 
t h #eq. ° 

Circulation of: * 

Effect of rotation of the earth. Sue 
^“Atmosphere, Physics of,” § (C). 
General: t r 

At sea-level. See«“ Atmosphere, Ther-* 
c modynamics of the,” ii. < 

At 8 km. 4 See ibid. § (9). c 
Kinetic*energy of. See ibid. § (9). 

Local? »Sefc«6i7£ II. ^ 

Dynamics of. ffce “ Aticosphere, Pliysics 
of,”?(S). - c- >* 

Equilibrium of: * t # 

* Adiabatic oi* convective. See ibid. §§ (?), 

(6) (i-). 1 

Isothermal or conductive. ' S6q ibid. § (0) 

1 (»■). ' , 1 • 
Radiative. See ibid. § (f>) (iii.). 

Friction of. See ibid. § (14).« 

Kinetic enei^y* of. See “ Atmosphere, 
Thermodynamics of the,” § (9). 


Oscillations of. See “ Atmosphere, Physics 
/of,” | (1J).* 

t Reflection of solar radiation by. See 
“ Radiation,” §§ (3) (ii.), (4) (i.). 

Resilience of tho. See “ Atmosphere, Thfrr- 
c mody»amics of tho,” § (14). « 

Revolving fjid 'in. See “ Atmosphere, 
Plfysils rof,*V§ (I* r, l‘ also 

“•Density,” * Eddy-motion,” “ Press-<> 
ure,” “ Temperature.” 

Stability# of. See “ Af.nosphere, Thermo- 
* dynamics of the,” § (7). , 

Thermodynamical processes in. See ibid. 
VI., §§ (22), etc. See also “ Press¬ 
ure,” “ Radiation,” “ Convection,” 
etc. 

Transmission of solar radiation by. See 
“ Radiation,” §§ (3) (ii.), (4) (i.). 

Water-vapour in. See “ Humidity,” § (1C). 

Wave-motion in. See “ Atmosphere, Pliysics 
of/’ §(17). 
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ATMOSPHERE, PHVSICSoOF Tltfi 
, * I. Statical Aspects m * 

§ (1) Pressure. —If wp consider an a* mosphore 
at rest horizontally anil vertically, the vertical 
pressure on qnit surfac e must -be cqAial to 
♦*-hc weight of # t^d superinqumbent atmosphere. 
SVnce the pressure^n unit arqa of a surface 
centred at a particular p»int in a fluid is 
infjejienhent of the orientation of that .ipiit 
area of surface, it follows t^at in speaking of 
the pressureci poir*t jp a fluid we need 
not sptftifjf ^ny particular directum The 
, pressure of Die, atmospl^re is measured by 
m#an% a rmroineter. r Jlhe standard type 
•of mcrcipy barometer consists essentially of 
a tube from whiejr all air lias bepn excluded, 
inverted over a Well of mercury. 1 The pressure 
of the air maintains the mercu/y in the tube 
at a higher level than the free surface, and 
tlve different in ldv r ol of the of the mer^iry, 
in the tube and the well affords a direct 
measure of tho atmospheric pressure. What 
is directly A.easurcd in this instrument's the 
fVngth of a column of mennn.y, but 0 it % must 
be Vemembcred thrt the pressure is 
weight of the column of mercucy j5er 
area of ^cross - section. Its 6 d<y**ft^ons are 
thosq, of weight/area, MLT' 2 /L-’or ML- J T- a . 
Pressure may be 9ntasured in. terms of any 
convenient unit of length,^uch as the inch or 
ljullimetre, or the socle may becstf graduated 
as to giveWW'i pressuro i!» terms of a statical 
unit of pressure, such as the (see 

“Bar” and *“ Millibar.”) The millibar is a 
prefillreyf 1000 d^nes per square centimetre. 

1 See “ Barometers aud Manometers.” 
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§ (2) VaiSa*ion op Pressure with Height. 
*—Prom the definition of the pressilje at any 
point as the weight of a vertical 1 Junta of 
unit cross-soetion with its base at tne point 
considered, we can immediately derive the 
differential equation for the* viiriVion of 
pressure with height. Let p,.p, T lie •the' 
pressure, density, and absolute temperature 
in degrees Centigrade at a height z, p + dp the 
•pressure at height 2 + dj. " 4 
weight of a disc of air of 
thickness dz. * 

dp— - pjdz, 


n 


which 

/ * 


^an be immediately integrated 


.wuiuie tempera 
l height z, p + dp 
lien -dp is 
f jiii^L i^ea, ant 


the 
and of 


<9f> 

dz 


-P9- 


( 1 ) 


The equation cannot bo integrated until we 
express p and g as functions of z. The value 
of g is to somo extent variable both with 
latitude and height z above the ground, but 
these variations are small in comparison with 
the magnitude of g itself, and will be neglected 
in the subsequent discussion. In equation 
( 1 ) substitute for p from the gas equation 
p - RpT. 

, dp l - **’ or 1 d P^ m 

dz # HT p dz IiT ’ “ 

If i” can be expressed as a funetkw of height 
2 , equation (2) can be integrated. The !e]^ticin 
between? and z wiW depend on tilt mechanism 
wliidii controls the transference of heat from 
one layer of the atiRospheiy 40 anotliy. y 
conduction were the contrnliiag factor, (Jit 
atmosphere would be iit isothermal equUi- 
hrium, T being constant at all heights, 
tigi', (-) then yields oil integration * 


HP = + 1 l [i log (T 0 -/ 3 s) + const., „ 

• * * R0 

, T 0 -/iz=Apn, 

or ifcp 0 is the pressure corresponding to z - 0 , 

• T _ p z / „ \ • 


T„ 


Thus 


S *=( P )f 

. W 


(4) 




\ 0‘ 


cquili- 

Equit- 




-9* 

Tut 


t 

I-tonal. 


If p n be the pressure at z last equation# 

becomes # • • • • 

IvT * 

z - , (iog,.p oi iog, py • 


0 

2 V«t 

•a li «u> 


j^ogioPo-logic !>)• • (*) 

1 4Fhe height inti i'l is given by • • 

2 - 221-lT(logp 0 -logp), , 

andyfl metres*by * 

® 2 = ?7-4T(lng < p„-]og p)t t • 

““S^ctWalljfcfclic atmosphere is not in isothermal 
equiliboBWijand a closer apnroi^nintion is 
obtained by assuming a linear reflation between 
T and 2 , i.e. by assuming iiiat the temperaturo 
T decreases unifoffnly with increasing height. 
Let 7J, bo*tl»i temperature at the ground, afid 
at ieight 2 let f-,'fe .liquation ( 2 ) J 
yield^ on substitution for T 


1 dp 

pdz 


9 *.l 

~ R %-pz’ 


if p is measured in degWcs C per 100 metres. 

If we assume 1 as the value for p (i -5C. per ’ 
•kilometre, we iiud for the height in metres the 
expression 

§ (3) Stability of Equilibrium. —If the 
atmosphere is in statical equilibrium, the 
pressure at all points at the same level must 
be equal, since molecular motion always 
works in the direction of equalising any 
horizontal differences of pressure. The varia¬ 
tion of pressure in the vertical is given by 
# equatioif (1), § (2) • 

• dp 

. * 

The fac*that the resultant force on a floating 
body is equal to the weight of fluid displaced 
requires that the weight of any portion of air. 
in (♦ludil’iiim must be equal to the weight 
•it air equal volume of the .surrounding air. 
Bence the density of the air must he uniform 
aff any given level. If the atmosphere is 
homogeneous, it then follows from the gas 
quuatiorB o, K?I # That the temperature is 
also uniform at any given level. 

To determine •vhether the state of equi- 
lihntnn 1»1 any case is stable, abatable, or 
neutral, we consider what happens to a small 
liolume-element of the air displaced vertically 
from.its original position. If it is displaced 
upward it will Return {n its origim# level, 

1 or be further displaced from its original level 1 
according as it is surrounded in its ^displaced 
position air lighter or learner than itself. 
The problem of an isolated mass of air moving 
vertloalU* if ]| be considered.*! a \fider aspect 
befSre bein J applied to th*problem in question. 

iet p, /i, l*be the *jiessfire, density, and tenipera- 
lure itt height*!. ’ Let p, p', T, be the pressure, 
density, and temperature of f small mass S air 
moving vertically. «The acceleration of the moving 
mass is -sKpVlff, or -»(• ~ T'/T). In moving up- 
v^irdsihe small mass takfls at all levels th#pressure 
pf tfio surrounding air. It will be supposed to move 
adiabatieally, without any interchange of heat 

1 “Air, Investigation of tHfc fl^jper" (Lapse rate), 

§ (II). 



$4 


ATMOSPHERE, PHYSICS OF THE 


with tho surrounding air. In moving from z z +dz 
Its pressure is changed by , I 

rc . <•> 

■* f- , 

I^t the volume of unit mass of the moving air change 
from t; to v+dv in the same interval.* The amount 
of heat gained is r f 

* dQ^CJT'+Apdv, 

where C„ is the specific heat at constant volume, 
and A th-3 reciprocal of the mechanical equivalent 
of heat. * 

But yt'=BT' atidj)*— RdT'-nlp, r 

rfQ-fC.+ARJrfr-A^p. 

It the pressure had remained constant, we should 
have had 

dp = 0 and dQ-C^fT'. 

Haice C,,=C„+AR 

and dQ-C^lT-Aidp. 

Since the motion is adiabatic, dQ =0, and 


dr- 


t ’dp * 


A dp _ _ gAfi 

1 V i ‘‘ i ' r // 


gA T 


lz. 


( 2 ) 


This equation expresses the rate of change 
of temperature of the moving air in terms of 
the .ratio of the temperature of the moving 
air to that of the surrounding fair at the same d 
level. , 

If now we consider a small mass of air ! 
.originally atfievel z to bo displaced adiabatic- 
• ally to z + dz, its change of temperature wiil be 


if brought adiabatically to sfco standard 
pressure, fct is evident that in the cash oi 
adiaftatia fequili brium the potential tempera¬ 
ture is the same at all heights. In general 
the equilibrium of ^ the atmosphere will be 
stable, fieutrdi, *br unstable aooording as 
dO/dz is >, =r, or < 0. 

§ (4) BakomutAio Altimetry.—E quations 
(2) and {.!) of § j^2) can be applied to compute 

pressure 
ten^iorature 

n - 1 . I'd be the 

I pressure at the ground (z-0) and tho atmo- 
' sphere bo ft9*limed isothermal, at temperature 
T, equation (3) can be directly applied to 
'compute z. * 

The ordinary altimeter of commerce is an 
aneroid barometer with a pressure scale 
graduated in inches, and movable height 
scale engraved on the outer edge of the dial. 
The height scale is graduated by the use of 
equation (3) of § (2). the temperature usually 
being assumed uniform at 50° F. or 10® V, 
Allowance for variations in ground pressure 
is made l>V rotating the height scale until 
its zero is opposite the nvc ground pressure 
indicated by the index hand.* • 

I wo classes of error are inherent in this 
type o£ altimeter. Ill the first place, ITthe 

id to tho 
T»n 


menf* temperature from the groun 
height of the observiftirm* differs 1 
standard temperature 10 ' 
immediately itilu’oduced. 


■>m the 
Vi, an er^pr is 
Putting in the 
■d, equation (3) 


dT' 


Vp 


dz 




from equation (2), since originally T , T. Thi 
displaced air will return t.l^tiAorimna*position 
if * 

dT dT* * 

. * dz" dz’ • • 

it will be displaced further if 

• dT _ _(fr . 

^ * dz* dz* 

and it will remain in its displaced positing if 

Trr dr' • 


4 gives fhe Height in metres, 
gives thf. Height in fee^, An 


dT 

~d 


dT' 

dz ’ 


The equiiibrium*thjjh is stable, •nstable* or 
neutral according as - dj’/ifcjsfess yian. greater 
thanorei^ual to pA/(‘ p . Theliqpting value yf ftio- 
rate*f change of temperature witfi height which 
gives neutral (or adiabatic, oj convective) equi*' 
librium is Ag/C p =g/R 0 00980, 

corresponding almost •exactly to » fall »! 
temperature of 1“ for each 100 metres. • 

If 9 denote the potential temperature? 
defined as tho Jmjiperatiire which will he 
taken up by the element of air concerned 


Baines of the fdhstimts infolv 
qjay be written * 

m # * : -- C»T( log p 0 - log p), 

where C„ if*t gives fhe 

and C, ^21-1 gT .„..... 

increase of T®in T from the staitHard value 
1*28,^ ab.^ imHeiftes the ^height correspond- 
- mg to*[iressiir(*p by 1/283, Sr vHitli sufficient 
accuracy 1/300. of the value read off the 
altimeter scale. • Irie rulo for correcting for 
temperature cun thus be stateihii a simplo 
form suitable for mental* computation. For 

evoiy l' J ( j'ygeascH.f temperature from 2%3°# 
,i l „th of the height read 


IllV COITD- 

ol^ei^d 

jj> 0 ° IT • 

Emosphere 


itbs. ,,r 10" 0. . . 

^subtract. 

<df from the altimeter scale. If tho tempera 
("res-,-ire i«i the Fahrcnlieit scale tbit corre¬ 
sponding corrections‘are , i„th of ol^ 
height for each degree above gr beiSt^fif 
Aotunll^tlnstemperaturo of thfatmos, 
is nevft uniform at gjljicights. When observa¬ 
tions of temperature in ■pper air *r© 
available, it is usual to^tako the nmagi temped- 
I turc over tl^ range eonsk^red afid to dbrrect 
i for the deviaflon of this mean temperature 
from the standard by the method outlined 
above. * 

’ Set “ barometers and Manometers,” $ (lfl>, etc. 
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' -U<S Seeond*type of error is introduced by 
tho adjustment of the height scale hfehanging 
ground pressures. Let the altimefr hetght 
scale be graduated by the uso of equation (3) 

§ (2) for a ground pressum « 0 . If the height i 
scale be adjusted to give zero hei^it at aJ 
ground pressure p/, then the hftght intefval 
fr»m p„' to p will be the same as the height 
interval from to p + p - Po ', on the 
unadjusted scale. The dppailit height's' is 
thcrefor^giveg by ^ # » t 


_RT 

a log c 


{log p„- log (p+JJ„-p 0 ')}. 


The true height is 


IiT 

S =y log e < l0 g A'-''«?)• 


Error in assumed height 


ltT 


, P.1 


-- ~z~ ." ' log 
• OHo b poP+P„-p„’ 

This error is zero at the ground (p-p‘), 
but increases steadily with heights and may 
amount to oi*>r 1(J0(> feet at 15,000 feet, if 
the g%mnd pressure differs by as much as 11 
inches from tin- normal. 

H^JObserveii Tkmi’erature Gradients.— 
The mean distribution of tempcrnturS »ith 
height Mr* the atnmsjiljpre is heft explained 
by reference to the attached diagram (Fig. 1), 



-w -wo .39 -TO -16 -10 -» 

Tomporgtura (Cmtigradt) 

* . Fro. i. 


0 •» 10 £ 


which shows the mean distributions for sunnier 
and winter up Jo a heiglft of 18 km. for the 
our stations Munich, S^rassburg, Tranpcs, 
and Ugple* (’he most'striking feature »{ 
the diagram is the aifflden chang#in the slope 
of the curves at a height of about 11 km. 

! §£* " Air, InvoBtteatlonof ft* Upper," S (11). 
Qbtmitorl/, lh S ' y “' IlulU,in >lou,u 4Vcmht ' 


Abov* this limit the temperature remains 
sensi*!^ constant or even increases slightly, 
m «triking contrast with the steady decreafcg 
of temperature from (ho ground up to the 
11,km. limit.. The upper region of constant * 
temperature is called the stratosphere, the 
joye? region of decreasing temperature being 
known as the troposphere. Tlfe region of 
sudden cessation of tne lapse of temperature 
is galled the tropopause. 

I he Buddenuess ofetho change of Tapse of 
temperature is somewhat masked in the 
.diagram by tho process of taking mean 
temperatures, since the height of the tropo- 
, P auso depends upon season, pressure condi- 1 
tions, and latitude. It is higher in summer 
than in winter, Iiigher above high pressure 
regions than above low pressure regions, and 
higher above the Equator than above polar 
regions. 

Even within tire troposphere the temperature 
lapse shows several striking features. It will 
be noted that tire curves for winter and summer 
arc roughly parallel, showing that the tempera- 
ture distribution throughout the atmosphere 
is determined by the same factors, conduction, 
convection, and radiation, in winter and in 
summer. • The diagram shews that up to 2 
i. 3 Join metres the rate of fail of temperature 
is less in winter than in summer. Thiff is 
flue in large part to tile freqlSent inversions of 
temperilling near the ground in winter (see 
“Inversion"). 

Between f 4 and 8 km. the lapse rate ap- * 
proafties more nearly the “ adiabatic ” rate " 
§ "*))■ These levels are beyond the»eacb 
offliurfaco im*rsions, and are scarcely effected 
by Turbulent motions produced at the ground. 
Beyond 8 Jan. (lie mean lapse rate decreases 
L st » ,d ‘l v > ® nt ii at about 11 km. it becomes 
zero. ^ 

The <*irves in 1 represent the mean of 
a largo nurfber of observations. Tlie*t*mpera- 
Uire-height curve for a •particular occasion, 

, "'Wlc following the main features of the curves 
j shown*in /'ey. 1, may show cons^lerable 
differences in detail. Inversions are frequent 
St tlie tops of lay<*ra of cloud of certain 1 
types,* and in winter they gccur frmjuently 
near tho jftound. Also outside the regions 
showing inversions the temjierattirc lapse may. 
show conslfl&able variations-ftom the mean 1 
value* • • 

§ iP ) TheoAeticaI* RtsctrssiON of the - 
Temperature CiStribittion. (i.) Isothermal 
orp( onductive Equilibrium. —By the medium 
of molecular inotifln heat is transferred by 
conducljoiufhrBugh the air from the regions 
•f higher To regions of* lower tcmpeifture, 
without any mass transfer of air. • 

Air is, however, an extremely poor conductor - 
of heat, and Exner 3 states thSt if tho diurnal ’ 

1 F. M. Kxner, Dynamitche Mflttrologit* n. 57. 

• • * • 
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variation of temperature at the ground-were 
transferred upwards only by conduc|i(% its 
amplitude at 1 metre would amount to only £ 
v of the amplitude at tht> ground. BcyorftL the 
first few metres the effect would be entirely 
negligible. We may therefore conclude that 
conduction is most an unimportant flexor 
in the vertical transference of temperaturp. 
Its effects would be erftirely masked by the 
more ra^id transference*^ heat due to convec¬ 
tion, evaporation, and condensation. 

(ii.) Adiabatic or Convex-live Equilibriutii * 
The first effect of insolation of the earth’s 
atmosphere is to heat those layers of the 
atmosphere in contact with the earth’s sur¬ 
face. If the air near the ground is sufficiently 
heated it attains a higher potential tempera-* 
ture than the air above it, and the slightest 
disturbance will then cause it to rise. During 
the day such ascending currents are frequent 
in the atmosphere. They move upward 
without appreciable loss of heat by radiation 
or conduction, and so act as carriers of heat 
from lower to higher layers. This process 
of transfer of heat by ma*i transfer is known 
as convection of heat, and the ascending 
currents are called convection currents. 1 The 
rate of change o$ temperature with height 
within a convection current is given b$ t 
equation (2), § (31. * 

The effect of ^convection Currents in th<« j 
atmosphere, continued over a ^sufficiently 
lopg time, is to produce an increasingly close 
approximation towards adiabatic or convective 
equilibrium, in which an element of air moving 
vertically without loss or gain of hcaff 
at all Rights the temperature ofathc surro miff¬ 
ing air at the same level. It has been sh9wn 
that when this condition is satisfied the lapse 
rate of temperature is *£p}trox^nafelv 1° C. 
in 100 metres. When the atmosphere is in 
adiabatic equilibrium artf- element* of air 
displac«(f vertically will remain In it.? new 
position since there is no force tending to 
restore it to its original position, or to displace 
it further. If follows that adiabati# equi¬ 
librium is, from* its definition, neutral 
equilibrium. • • 

It has been sjiown (§ (3) equation (2$) that 
for adiabatic equilibrium - dTjdz *AgjC p . By 
> integration this yields T =T 0 ~(Ag!C P )z. To 
express file ptsssuje p as a fllrffiior? of z, 
substitute for T imthe statical equation* 

• •• • 
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If be the pressure at z -0, tlftgives 


C, 

AH 


log 


T„-(Ajf/C,. 

To 


*. ah* * 




- (A g/C> )z _ T _p p„ 
If) T 0 p 0 p 


(1) 


Fo$ dry air, 
tion connectii] 
density bcc4i 

T _ 

A of 


R/C^, - 0*2884, and the equa-* 
pressure, temperature, and 


or 


0-2KS1 


-(A.g/Cv)z 

' 


(-’) 


Along with this we have the adiabatic equation 
P = kpY which, putting in tho value for y, may 
be written 


= constant. . . . (3) 


V 

..1*41 


If in equation (2) p 0 be taken as tho standard 
pressure, T 0 becomes the potential 
pent ture 0. Hence 

* 0-T( 


,/M 0 ’ 2884 . 

' V p),.. , 

Substituting T — p/Rp, we fin^l 


0 - 


Pd 


0*2884 ,,,0*7116 


1 dp 
p dz 


g 

"fcT 


1 


R To ~ (Ag/Gp)z 


On integration this yields 


% p-- 


const. + AR log 
-«*_*- 




- (4) 


' He»it, Convection of,” Vol. I. 


R . P 
p—^(poy ’ 4i , 

•tvhefc H is a <*>%stant. * ^ 

• Equation ,w gives tlfe relation between 
pressure, density, irtid potential* temperature. 

(iii.) Radiative Equilibrium. —The accepted 
efpkinatjor^ of tho existence of the strato¬ 
sphere or isothermal *layef occurred almost 
simultaneously *to E?^ Cold 2 and W. J. 
Humphrey.* The basis of their«theo*ry is as 
fqjlows^ Wftlfln the ftratosphere vertical 
t convection c%nnot occur * to* any marked 
extent, *ajd the temperature distribution 
fnust ^ be determined almost .•entirely by 
^radiation and absorption. If* $\c rauiation 
and absorption are equal the temperature of 
any portion the atmosplfbre remains 
constant. 4 # • • • 

The chief difficulty which is met in any 
direct apj^cation of mathematical analysis 
i-to this problem lies in our imperfect km#:!edge 
■of fche constants of radiatiorf and absorption , 
which are involve^!. The discussion iftre 
given is a variant of Emdqp’s pfoof* clue t# 
F. M. Hfcnc*. 0 The high temjpflfffro radia¬ 
tion* of the sun*i^ essentially short-waved, 

2 Proc. Roy. Soc., 1009, lxAcil. 1, 43. 

* * Atftrophysical Joufgal, 1909, xxbc. JL4. 

4 This principle was previously applied by 
SchwarzschTld*in a discussion of the equilil^ium of 
the solar atmosphere, Nachrichten K. Orsell. zu 
Gottingen, 19Qfl, p. 45. * 

6 Sitzlter. k. b. AkaJf. Wish. Miinehen, 1013, heft I. 
•*F. HI- Fxner, uynamische Meteorologie, p. 59 it 
$tq. 
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while the radration of the earth arid of the 

earth’s atmosphere is essentially long-waved, 
the maximum of solar * radiation wring* at 
wave-length 0*7g, and the maximum of 
terrestrial radiation at lfk-^ TJie short- and 
long-waved radiations are assumed to havo# 
coefficients of absorption k r and ^"respectively, 
ami the atmospheric absorption jh assumed 
Jo be entirely due to water vapour. 
This assumption is in ftiir ffereement with 
observations. , • 

t Consider the absorp#on and ntdiation in 
a thin layer of unit area containing a mass 
dm of water vapou w{Fvj. 2). Th* bounding 

• 

• k a Ed/n 



B+c/B 


* k„Edm A+dA 

2 ♦ 

1'IU. 2. 

surfaces will be assumed plane, the curvaturo 
of the earth bang neglected. 

JiCt^Aj-downward moving solar Radiation, 
A., — downward moving terrestrial^* or 
• atmospheric radiatiorf, 

• B*—upward moving terrestrial or 
* atmospheric radia^on, ^ # 

E - radiation*from uiTit surface of a# 
black body at the temperature 
of the layer considered =<rT 4 ? 
where a is Stefan’s constant.^ • 
in Fig. 2, A A, J A,. « • 

The unit of mass *watcrt, T apour\ denoted 
by in, is so # ehosen that w — 0 #t#tlfb upper 
limit of the atniosyjierc, anj ^ = 1 at the 
earth's surface Ihe symbol y denf.tnH tlie 
mass of water contained in the whqle atmo- « 
sphere abov^a particular level. •* t 

By#Kirchoff’s law, the emission from the 
upper and loif me surfaces of the layer considered* 
is k^Edm. • 

• S^iee the temperature of the #atmosphe*e 
and earth as a whole is to be regarded as 
constant, the total amount of radiation 
moving inward, across a sphere®’ concentric 
with ttie # earth i# equal to the amount moving* 
ouiWard across the same sphere. Hence r 

• £j +A a = B. . . . (1) 

and ° •dA l + dA 1 = dB. • f ^(2) 
The change ip downwifkP moving radiation 
is due partly to thfl partial absorption of Aj 
and A a pp tlfle fkyer, and partly to the additioil 
of tli# downward ifldiation fro#i*tlie lower 
surfac^of the layer. 

dA l + dA 2 - - kjA^m - dm + k 2 VJm, (3) 

iB=*,lWm-i- t E<//B. . * . (4) 


In tliA^first of these equations the long-waved 
radiaffm may be separated from the short¬ 
wave^ radiation, so that * * 

® dA x — - hykydm or A^-le ~* ltn , . (5) 

1 bejpg the value of A, at the outer limit of 
the atmosphere. • 

Adding equations (IJ) and (4), $e find, using 
equations (2) and (5), t 

* 2(dA i + dA,) --- 2dB - dA, + dA a d© 
e * — ( - k l A 1 - k. l A, i + k.,B)dm 

• k 2 )A y dm 

= -(ky^kjle-^'dm. 

Integrating the hyst equation, we find 

A! + A., - B - £1^- . ~ ki>n+ constant. 

*1 

When m — 0, Aj + A 2 = B = I, 

A,+ A 2 15 -Il[l + - (j* ” l)e (8) 

Substituting for B in equation (4), we find 

E,oT..ii[l + fp(|p|) e -'.»*]. (7) 

4 According to Abbot and Towle, solar radia¬ 
tion #is diminished by / 0 tli, and terrestrial 
padiation by ths in passing through the 
whole atmosphere. Hence e-A’ 1= = 0*9. This 
gives e- k% —0* 1, and k x — 0* 105, k 2 — 2-30. Since 
k\m is always less than 0105 we*may for all 
prac^cal purposes substitute e~k\m = 1 - k x m, 
^Olthafr the temperature'is given by 

'* = + + (8) 

the o*ter t lin!it jjf the atmosphere m j=0 
and T - 216’ nbs., - - 57° C. At ground level 
m l, {ml X = 28*f > abs., -15° C., in closo 
agreefiient* with the observed nicta value 
of 14“ i\ 

Jlhe temperatures at intervening points 
cannot bo directly deduced until ^ve can 
state a relation tydween. height It amt the 
vmiss of water vapour m above this level. 

] [ami; has given the empirical formula 

e~p ll ld"iwo for vapour pressure at height h. 

It. follows*tffat m= iO «»w. • <ly a straight- 
forwfrd applieat»n of thte equation and of 
the J‘ equatiSn Exrtw computes a table giving 
the temperature at different heights. ’Jhe 
vi^ues are shown diagrammcftieally in Fig. 3. 
Tlio temperature aff 10 km. is given as - 55° C., 
in exa^ a^teefiient w'ith the observed values, 
glo^tjjaring the diagrams*of Figs. 1 an if 3, we 
see that radiation alone, if convcctMn were 
absent, would ^ive much lower temperatures 
at heights of 2 to 8 km. Th9*i the observed 
1 Lehrbuch tier MeUorolOQie, 1006, l». 170. 





. temjwmturw. The temperature Ibi'iki »r proxlmHi-ly to a tempeittti&e lapse 'of 2? ¥. 
: tevels of *bout 2 to fi km. wotfldv lb *f' for every 1000 feel? 1 of elevation,** 1°:C. for 
jreW that instability would arise through the 27o'metr. 3 of elevation. 
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Superposition of dense cold air on lighten air. 
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* II. # Dyr*MiCAL Aspects 
• §, (8) likju^Tioxs of Motion.— Consider a 
particle' at a point O in latitude 0, Take 

rectangular axes Or, Oij, Oz through tftis 

point, rotatingawith the earth, Or being the* 
vertical to th<learth's surface at 0, and Ox 
and Oy beilg aratm b»/ards wtst afid south 
respective^. Let the component velocities be' 
ii, v, w. Let tbc forces acting on unit mass 
of the, pafcicle have components X, Y, Z 
i respectively along the three axes. Thon.if 
w be the angidar velocity of tho earth, the 
equations of motion arc 2 

du „ „ . 

j- - 2 uu) cos 0 - 2oie Sin 0 = X, 


There is thus an essential antagonism between 
radiative and convective equilibrium. 

Kmden suggests ( loc. cil. p. 115) that the 
instability produced b^ radiation from 
moderate levels of the atmosphere during the 
early part of the night accounts for the 
occurrence of maxilnum frequency ofthundcrj 
storms over tho soa during the second half of" 
the night. , , 

§ (7) The Variation of Deputy with* 
Height. —The law of variation of density 
with height^ has already been derived in the 1 
two cases of isothermal and * convective 
equilibrium. It is found that the atmifiphi^-e 
does*not in fact approximate to cither ^,t 
these cfnditions. Observation sfiows that^up 
to about 25,000 feet the mean density can 
be very accurately reptese*ted bit the em¬ 
pirical formula * * • n 

p= Pa .10-un*lO-*, (I)}, 

• • 

where /)Jis the density at the ground, and h the 
height in feet. 1 Above 25,000 feet the accuracy 
of tho above formula decreases at first ^lowfy, 
then /-^pidly, and f^bove 55,000 feet it ceases 


f 2 c cu sin <f> ~ Y, ^ 

* d w . o „ # 

^ H- 2ww cos </> — - g + Z 

✓ • 

If there is no vertical motion, w -- U, and 
the lirst ;jud second equations mfiy be written 

. < ' du „ .. 

S , - 2u>v sin rp = \, 

* dt . c « 

• « 

dv , T 

. ,. + 2cows«i0=Y. ■ V 

*> % 

' , . c • • 

The effect of tl* rotation the earth is 

fepresented by the second term on the loft-* 
h«n<J siHe of each of these equations. 1^ is 
equivaleift to accelerations* 2ojv sin <p along 
Ox, and —2am siti <p aloti^Oy, whose resultant 
is an fteo§lqfation 2wT sin <f>, \ being the 
resultant velqpit^ of the particle. The result- 
arft acceleration is at ri^ht ^angles to the 
•direction* of motion, and in tho northern 
hemisphere# is diluted towards ,£ho right of 
an observer looking forward in the direction 
motion. t , « 

The result derived above is of chindamcntal 


to be even an approximate formula for tin* j importance cn meteorology. , It may be 8t«tc«i 


actual variation. Beyond 35,000 feet it is 
found that the* density is very* accurately 
represented by 


in the following forrp: Tho effect of the 
rotation of the earth upon air moving with 
velocity V is equivalent to a fosce of 2wYo sin <p 

i mr tint*. w.ln.vxo n/vfirvir V 


. « tper un ^ Yolumo acting at right angles to V, 

log p = 0-4$35-f.0-21.10" 4 (A x 35.000J. (2) and^lirected to the ri^ht of an observer loofc&ig 
p ** * forward in the direction of motion. * IT^Iiia 

i . . . *4. r. . .... . .«. . y' 


Such formulae as are 'given ^bove ait, of 
pafticulbr use jp ballistic wbrk. F<5r if a 
standard pressure and temperature l>e assumed 
at the ground (usually 30 inches and 60° F.), 
the corresponding distribution of tyrajreratyre 
oan be deduced from equation (l) or (2^ 
combined with the pressure-height relation 
dpjdz =s -gp. ^qpation (1) c^jrresponda ap- 

1 The Application of Meteorology to Gunnery 
(Weddeijburn), p/4. 


deviating fojee l>e included *in ^Iw^wlatement 
of forces acting u^on each element of air, the 
rotation of the axes'is immediately accounted 
r or, and the subsequent df&cussion may V>e re¬ 
garded as referred ter fixed axes.^ * m 
§ (9) Steady Motion in Frictionless 
Fluid. Gradient Wind. —The results of 
§ (8) can be'applied to discuss the motion of 
air fovqr the surface of the earth. For air 
• See Kouth’s Rigid Dynamics, 11. 28. 



.'nsir w gconsider i 
Hhe 'effects* <$f'» friction with thJ earth’s 
surface and the turbulence produced!thereby. 
We shall' first consider the motion of air 
when these forces are. geglected. The 
results so obtained will be applicfble to < 
the winds at heights sufficiently*great to*be 
removed from the action of turbulence at 
^he ground. $ 

Steady motion under *he Anditions pre* 
scribed above jpill be a^notiqp wid^ balanced 
forces. These forces a ft (a) the gradient of 
pressure of magnitude P, say, directed towards 
low pressure, and (Jftthe centrifugal force, of 
magnitude p{v 2 /r), where r is the radfus of 
cuMature of the path. Consider first the case 
of air moving along a great circle; its path 
lies in a plane through the centre of the earth. 
In this case r is infinitely large, so that the 
centrifugal force vanishes and the gradient of 
pressure only need be considered. Let V be 
the velocity of the wind. Then the deviat¬ 
ing force duo to the rotation of the eartl^is 
2 u>Vpsin 0 at right angles to V. TJhis must 
bo balancod by the gradient of pressure P. 
Ilonoo P = 2u;V/> sin^> and its direction is at 
right itngles V, and towards the left. 
Steady motion under the action of thryiressure 
gradient P is therefore at right angles t*> ^ie 
gradient, o^along thiysobar, with l<fw pressure 
to the. left, and the velocity of the motion is 
P/2w/>si4 (p. .The wind which ^balances ^he t 
gradient of pressure is galled thtf^g^ostroplno ” 
wind. ^ • 8 

When the path of the air is aot a groat < 
circle, but a small circle of angular nfflius % 
it if •necessary to corridor the •eift rifugal 
force involved in the ipotion# If li l>e the 
radius of the earth, radius qf small 
circle is R sin r, and the centrifugal force is 
V a /R sin r, and the f rfective conmonen#o 4 thl 
centrifugal forcl, #hich is tangential*to the 
earth’s surface, is of amount ^ 2 cos #/(R sin r) 
or V 2 /Ot tan r).' * • 

If the ang %$r is vyy small, we may take 
R tan r in ptyoe of R sin r to be the linear 
r^ii^j of the circle.- It is in n#sens%necessary* 
to the argument tnat the motion should bo 
completely around tho small circle. It suffices 
p thafc the-small circle considered should be the 
oircle^l our vatu m at the point of yie path 
%3on||dered. • • 

Ft***Nndy*motion the gradient of pressure 
must balan^Mhbo algebraic sum of th^leviat- 
ing force duo tff the earth’s rotation, and *he 
centrifugal force. The fifet? of these is of 
magnitude 2wVp sin f and perpendicular to 
the direction *oli V, and directed towards the 
low pressure ; whilo tht second is ofKifbgnitudc 
pV'^/R tem r, also acting at right angles to 
wind, ana directed towards J he cefttro of the 
* ourvature. Two cases arise, According ^ t^e 
contrifugal force opposes or reinforces the 
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of pressure, or according as the low. 
pressirl is on the concave or Convex side cji 
theiisjbar; in other words, according as the 
prosf^ro distribution is cyclonic or anti- 
cyclonic. Thq equations which determine the 
wind under the two sets of conditions are : 


Antioyclonic- 

P 


= 2u>V sin cot r, * . (1) 


• P V 2 

# - =2o»V sin 04 - cot/. . . (2) 

,*> 

# The wind derived from the solution of the 
appropriate one qf these equations is called 
tho gradient wind. It differs from the geo- 
strophie wind in tliat it takes the curvature of 
the path into account. In medium and high 
latitudes the first term on the right-hand side 
of these equations is usually much more 
important than tho second term, and a good 
approximation to the wind at a height 
sufficiently great to be out of reach of the 
effect of turbulence # at the ground is got by 
taking only the first term into consideration, 
i.e. the geostrophic wind is assumed. 

Jin low latitudes, on acccftint of the factor 
sin <$> involved, the geostrophic term becomes 
unimportant, an^ the eecom^term only need 
\% retained jp the computation of the wind. 
The wind so derived is called the cyclo- 
tdrophic wind. It may be noted <yn passing 
that when •the geostrophic component is 
nej'JeetejI the eyclostrophic wind is only real 
f<ff cyclonic curvatures, so that small clfffeed 
anffcyclonic isobars arc not possible ^equa¬ 
torial regions. 

it is usually eon^dei;ed that the geostrophic 
is a c^ost# approximation to the wind &t 
1500-30^10 feet. This is based on a detailed 
•eompaysfn by E. (?old (Barometric Gradient 
and Wind force M.O. 100) of the gcosfl’ophic 
wind computed from M. 8 .L. isobars with the 

• obstrved whid at 500 metres. Gold found 
remarkably close agreement^ but on th<^*rcr- 
aje the velocities olferved at 500 metres were 
slightly lower than the computed wind. 

§ (lOf WlN^> IN THE TkOFOSWIERE: I&FECT 

of Horizontal Temperature Gradients.- 1 — 
fit may # be j^c^ptcd as a basic principle that 
in anj^ layer ^ut of reach the effects of 
surface turbulence the wind will approximate 
to th« geostr<^>hic wifld 'computed from the 
gradient *of pre^ire. for that particular ’laym 
Hutitho distribution of pressure at any level 
depends not ogly on the distribution of 
pressure #t «piean sea-lcv^l, but also on^the . 
dfetnmit-ion of temperature in the intervening 
layers. 

• 

Let p, p , T denote tho prealu** density, and 
temperature at a point r, »/, z, tho axis of z being 
vortical, and the axes of x and y tny conionien^ 
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rectangular axis in the horizontal plane, 
general p, p, T are functions of all three c< 


•o orai 


lien m 
mates 


y, z. Let u, v be the components of tho geo^tr<fphio 


wind parallel to the axes of t and y. Then 4. 


2 wpu sin </> = 


2 icpv si if 0 = 


dy | 

i/p I' 

,u) 


Substituting 


p=4 


RT 


2a> sin 0 U 
T- 

2a; sin 0 r 

iT t~ 


_ 1 dp \ 
V d 'J I 

1 dp 
•)> dx 


a) 


( 2 ) 


From the fundamental statical equation 
dp 


^~<JP 


it follows that 


f 

ngen 


This is the condition that the tangent planes to the 
isobaric rnd isothetmal surfaces*) should coincide 
at all prints, or that the ieobaric surfaces should 
also bo isothermal surfaces. 

Integrating equatiqji (4) wc find 


u t u Q 


0 


T T 0 2w sin 0. 


f 1 dT. -1 


-I I i e f 

'fo * 2" Bta </>./;, 


J_ dT 
X 5 dx 


dz 


.**(6) 


where ti n , v 0 are the components of the geostrophifr 
wind at height ; 0 , and T 0 the corresponding absoluto 
tempcjntult. 

Thus the geostrophie wind at height I is 
made up of 

(а) A component equal to the geostrophie 
wind at level z 0 reduced in the ratio T/T 0 . 

( б ) A “ thermal wind ” whose components 
arc 


1 dp sa _ 9 
p dz IIT* 


(3) 


Differentiating this equation with respect to x, and 
substituting from (2) 


9 1 rf T = <L( l d A _ d * f, , \ * d ( l d P\ 

R T 2 dx ~ dx \p dz) 'dxdz \° S V cfc\^ dx) , 


or 

Siirftlarly 

* 


2o> sift 0 

R 

,1 (v \ 

*W' 

• 

« 

« d / A _ 

<j 

1 d T 

dz\T/ 

iw »in ./. T 2 .fe 

d /u\ 

9 

1 d'£ 

rf-'W 

2(i) sin 0 '11 dy 


When there is no horizontal gradient of tempera- 
t dT dT • , * . < 

ture, or , = , —0, equations (f> show that* th< 
dr, dy 

geostrophie wind at any poi«t is proport^»mil to th^ 
absolute temperature at that point. • * 

Equations (4) may^lso be written t 

du^n dT _ g 1 dT « « 

dz T 2a) sin 0 T dy 

dv_ v dT ( * g l dT 
dz *T dz ‘ 2o» sin 0 T 9 

On subsytnting for u and r from equation^ (l), and% 
putting g= -Hip) (dp/dz), wo jmiy write these 
equations in the fofcn • * 

du_ 1_ fdp dT dT • 

dz 2pi’o» sin 0 \ dy dz dz dy f I 
dv _ 1 / dp dT dp dT \ j * 

^ dz 2/>Tu> sin 0 \ dx dz df | J 

The condition for constant geostrophie ‘velocity 
at all heights is # 

df 1 . <fp . dp jW . dT. dT 
dz dy dz dx dy dz 


gT f l dT, . gT [ 1 (fr 
2co sii\ 0 / T 2 7i*/ n 2cd sin 0 / T* dx 

* -0 • *o 

The magnitude of the * 1 thermal wind will 
increase steadily with height^ within ^regions 
where fne horizontal gradient of temperature 
maintains its general direction unchanged. 
Tire signs «f the components of the # “ thermal ” 
wind show that it cireufates around low tem¬ 
perature in the same* sense as* the Ordinary 
gei^trophio \fiitd eireulates around low press¬ 
ure, i.e. \vi£h* lo\£. values to the left. If the 
. temperaturp decreases towards north the 
^hermfd wind is west to cast. When tho 
gradients *,of temperature and pressu/e* are 
parallel the wii^d increases with height. When 
these «t\^> gradients t fire opposed to one 
another, the wind will decreast? with height, 
«.nd t ii.ay f»c reversed* afi moderate heights 
if the tenPperature gr;ftliefft is relatively 
r l^rge. * « r 

1 TI 40 results derived above afe not fasy to 
apply to the computation of^.Sic geostrophie 
wind at different levels* on account of the lack 
^)f observ^tionst. of the distribution of tem¬ 
perature in the vertical They mat I)e 
directly applied, however, to the large-scale 
variation^ of temperature of tho gU»be. In 
the troposphere the moan Jatitude \#&mlion 
of* temperature i^ a steady decrease^•orr# 
equator to pole. The effect ^)f to 

superpose upon the winds levels^a 

coj^ponentffrom west to east^ increasing with 
height. This bf it: agreement with observed 
facts, accounting in a rfmplb manner for the «. 
general increase*„with lici^it. of westerly 
winds, nti(^ the genenii decrease wfth height 
of easterly winds. • 

For descriptions of detailed investigations 
the variation *of wind with height, reference • 
may c be made to the work of Cave, Dines, 
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I the avjfllgc temperature gradient is about 2“ C. 
per 1(A)". from N. 15. and it produces a change 
in tf f 9-3, and a change in v of -8-8, or 
givesfan added wind of about 12 metres per 
second from S,E. in 2 k. of height. 

' § <y> Wind in the Stuatostiieke.—D ob¬ 
son h analysis of the upper wind observations 
contained in the publications of the Inter¬ 
national ( omniission on Scientific Aeronautics, 

—-.... ... -v--.. —showed that in the upper region of th% tropo- 

be know* fro* observation,sand tie vertical sphere the wind increased steadily, leaching 
4emperaturedistribution%e known assumed a»inaximurn at the base of the stratosphere, 

after which there was a pronounced decrease 
in velocity. These, conclusions confirmed those 
(Previously stated by Cave ( he . tit . p. (II ). The 
change in the nature of the wind variation on 
entering the stratosphere can only be accounted 
for by a reversal of the temperature gradient 
in tile lower layers of the stratosphere. With 
increasing height the pressure gradient must 
also decrease rapidly. 

Observations reaching heights well within 
the stratosphere are of necessity rare; the 
discussion of even tile small number of obser¬ 
vations available has*lirought to light a number 
of remarkable facts. It appears that above 
llic column of cold air which represents the 
troposphere, there is a 


Dobson, and Uold. 1 A useful summary is 
given in the sesond paper by 0. M. Iff Dobson 
referred to above. It is there shown‘'that the 
wind shows a genoral tendency to increase 
with Height within the troposphere, while at 
the base of the stratosphere the velocny falls 
off rapidly, indicating a reversal of the hori- 
, asutal temperature gradient within the 
" stratosphere. # 

If tbo wind distribution*at (liferent heights 

IA IrnrtwA trivial . r, J , 1 _A' 1 


to have mean values, the horizontal tempera 
ture gradients can *•! computed 1%' the use 
of equations (4) and {(I). An example is*given 
below, where the horizontal temperature 
distribution is calculated from the results of 
a pilot balloon ascent followed by Oapt. Cave 
on April 2!), 1908, at. Ditcham Park, liqua¬ 
tions (4) may he written in the form 

d ( u \ t 1 
• \T/ 2w sin 0 T 3 dy 

In the example <fe=l kin.-1000 metres, and 
mean values o£ T ^rc taken from the Com - 
puter'sjlandbook. Section II. p. 55,. Table IV. 
The component velocities to H and u and 
c, are shown in the third and scventlipolumns. 


Km. ‘ 


pressure in the 



j *■ 

• 

inn*/ 

Differ- 

4T 

r • 

,, 

Diltfr- 




/ 


once. 

rf.v 10 - 


ioo T . 

4 cnee. 


10 '% 

4. 

— 




—- -4 

—• ' 

_ 





240 17-7 

*19 



• ft) 3 

-4 15 



.. • 

• 

2. r >0 

252 

13 0 

nio 

•2 03 

• 

• 1-45 

-* 7-5 , 

•• • 

> -*98 

•-M7 

0-84 

107 

30° 

255 

8-4 

. 3-2* 

•' • 

102 

1*44. 

• \ 

-2 40 

1 80 

2-30 

f,r 

-250 

202 

(W 2 

• • . 

0 05 


# -0-58 

• 

-0 81 

0 04 

0 01 

9. . 

44° 

205 

207 

270 

# (i4 

7-5 

2.« 

.*8 

-«>: 

• * 

- 0-30 

# # 

+ 00 

H 0-23 

• 

-l-1 -00 

*0-7 f 

• 003 

0-70 

110° • 

270 

.* 

• .. 

1-2# 

105 


9 

4 0 00 < 

1-0-08 

105 

366° 

270 

4-3 

1-50 


• ‘ 

■f 2-5 

lAifll 






The lant cohftgn giv-qp the direction of the 
resultant temperature gradient (increasing 
tqjnypmture) and # the last Ariumg button* 
gives its magnitude in degrees Centigrade per 
100 km. The calculation assumes that from 
km^s p ward the effects of turl^dence arc 
negJSgff| e and tfcat all changes in wind arc 
du%«fco the horizontal distribution *of t<fn- 
lgntom* T%is example gives an idea of tlie 
magnitude tffmvclOcity effects prodm-ed by 
temperature gradients— e.g. from t k. to U k. 

• • 

• * Si. Oavof Tha Structure of the Atmosphere 

r tt a tJ ^ eathcr, CambridBt University Press. 
b Hdnsory Committee for Aeronautics - 

tteports and Memoranda) various report# on wind 
•fiwtuft O. M. It. Dobson, Q. J. Hoy. Met. Sac. 
1DU, xl. # J23, and April 1020. E. (told, Barometric 
Urathe.nl and HW Force M.O.+ No. 100— The Inter- 
national Kite and lialhnm AscentBM.O .; Geophysical 
partTv"*' ,S ^ r ^ • 81 u,w » Manual of Metefoldfry, 


^colwnn of warm air in the stratosphere, while 
the reverse holds for regions of high pn^gure. 
At great heights in #fie stratosphere there is a 
tendency for equalisation of temperature in 
the lutizontal as well as ip the vertical 
direction. 

f § (12^Variation of Wind witIi Height in 
the L^wer^Jkata.—H ithertot>nly winds at 
heights removed f*>m the Effects of surface 
friction have then edfifidifred. We shall now 
discuss briefly tHe nature of tl^e variations £f 
wii^l in the strata immediately above the 
ground. With increasing height it is found 
that f the p ‘i'W veers steadily, while the velocity 
iifcreasfs, rapidly in the first 00 or 70 metres, 
afterwards more slowly up to about f>00 Metres, 
at which height flic wind usually approximates 
to the goostrophic wind. The effhnges beyond 
.500 metres usually depend largely upon the 
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atmosphere, physics of the 


already 


temperature distribution, and havi 
j?een discussed in the preceding soctidm 
Numerous formulae have been put forward 
as approximate statements of the mean Varia¬ 
tion of wind in the licit 500 metres. Sir N. 

Shaw and Capt. C. J. P. Cave, 1 in exayiiningfl 
the results oJb observations at Ditcham Park, 
found that*the variation of wind with "height 
could be expressed w\th fair accuracy by the 
formula Vn --(H + ff)/«V 0f where Vn denotes 
the velocity at height 14 above the anemometer, 

V u is the velocity recorded by the anomofnctftr, 
and a is a constant depending on the ex po.su v 
of the anemometer. A similar formula was 
found to hold for Pyrton dill and Brighton^ 
but not so satisfactorily fj>r observations at 
Glossop Moor in Derbyshire, a high-level 
station. 

Heilman's 2 observations over flat meadow 
land at Nation at heights of 2 m., 10 m., 
and 32 m. above the ground conformed 
to an empirical formula v — ZTI-. In a later 
paper 8 Heilman gave instead a formula 
V a log (H + c) + b, whye a, b, and c arc 
constants. This is a more general formula 
than that of Chapman (M.O. London, Prof. 

Notes No. 6,1919), V = a log H + 6. Chapman 
showed that his formula fits with fifir aeeur%ev 
number of observations made by #DineS, 

Dobson, and Qjve. It win found, however, 
that Chapman’s formula gave % a very poor 
fit for the variation of wind with height at 
Butler’s dross near West Lavington, on Salis-**] 
bury Plain. • € 

None of these formulae, or of tlve many 
otlftrs which have been put forward as abate¬ 
ments of the variation of the wind «with 
height in the lower layers, afford any indica¬ 
tion of the physical causes wh^-h underlie 
the variations. The wSiolc question was^puA 
on a basis of physical reasoning f<« the first 
time by G. I. Taylor’s papers on $d<fy Motion* 

Taylof explained the variation of wind with 
height as a direct product of turbulence in the 
atmosphere produced by friction at the ground.*1 
kf«) Turbulent Motion in ti*e Atmo¬ 
sphere. —When a fluid rlfoves over an uneven 
surface the motion is turbulent, as when a 
strcaift flows over an uneven bej. T^e small 
eddies formed near a projecting rock show most 
distinctly, tgit disturbances winiform^j ness dz jp 

motion also occur down near Ahe bed* of the 1 
stream, and can be # raatje Visile by dropping 
fine^sand into the streatn. • 

• Similar eddjes form in aify current of air 
moving over the surface of tho earth. Nori#a!ly 
the pattern of the eddies is nq£ visible, but it is 
ma4e visible to tha eye in the t»vil«>f smoke 
from f factory chimney, a garden Arc, or a 
moving steamer. It may be noted in passing 
1 Advisory Ctimr$iltee for Aeronautics —Reports and 
Memoranda , 1909, No. 1). 

■ Met. ZeitHchrift, 1915. 

. • Pmuss. Akad. Wist., Berlin, 10, 1017. 


that eddies do not form in the trail of smoke 
frpm a (Learner mdving in still tir. Under such 
conditions the trail of smoke forms a uniform 
flat ribbon sometimes stretching for some miles. 

The effect of eddies passing a particular 
point is to produce instantaneous changes in 
velocity and direction of the wind, and the 
effect on an anemometer record is to gife a 
ribbon of varying width for both velocity ami 
direction records, instead of the straight lines 
which wddd rc(»>rd constant winds? Usually 
a broad * velocity tAco is associated with «. 
broad direction trace. Taylor 4 showed by simple 
calculation that the motfli deviations from the 
average wind, along and perpendicular teethe 
average direction, were equal. In tho same 
report Taylor also showed from observations 
of a tethered balloon that the mean deviation 
of the vertical component of wind was equal in 
magnitude to the mean deviation of the cross- 
wind component. If we call the difference 
between the instantaneous wind ainf, the 
average wind the eddy wind, it may therefore 
be taken as fairly well established that the 
components of tho eddy^winfls in three per¬ 
pendicular directions have tho aany? mean 
value, gr, in other words, tharfb there is cqui- 
partitiof of energy of the eddy which* in all 
tl^et? dimensions. This is strictly analogous 
to the eeftaipartition ofe molecula* energy iu 
three dimensions. In Taylor’s discussion of 
od^y motion # the eddies form the mechanism 
which trailraits heat, humidity, or horizontal 
momentum upward or downward in tho atrno- 
1 sphere, It* is not possible to apply mathe¬ 
matical reasoning to the history of an i^ojated 
eddy, t>u* it may bt applied to discuss the 
effect of a largl; number of eddies, just as the 
kinetifl kh(*»ry deals Vith nieqfi motions of 
molecules. « « * 

• 'Hie* pow<^ of the atmjspjjere to transmit 
heat, ofe., vertically is represented by a con¬ 
stant K,*he eddj- diffusivity, which is roughly 
cqu;M to \u:(i , where id is mean •vertical 
component of velocity* and 4 the mean dia¬ 
meter of the eddies. 6 If 0 be*the potential 
•temperature at? height z,«thc rate of ^'ad¬ 
mission of heat across unit area of horizontal 
surface at this height is Kpcr{dOjdz). The rate 
of gain of neat by a disc of unit area lyck-** 


K ■ 


• du . 

ptT^dz, or K 


d'Q dS •* ... 

( t 1} 

Tlys equation is of tho saifle form as the 
equation for coftlftction of heat in a solid of 
conductivity K, except* that in the solid 0 
would become the*actual temjlerature. 

Taylo#®ifir8t applied«this theory of,vertical 
diffusion of heat in a discussion of observations 

4 Add. Com. Aer^l. and M., No. 345. « 

d 0*1. Taylor, ‘Tidily Motion in the Atmosphere,’* 
Phil. Trans. A, 1914, eexv. 1. 

* Report of SS. Scotia to Hoard of Trade, 1913. 


' wjiioh he loadl on S&. Scotia off the Grea t 

■ Banka of Newfoundland, Nunioroils ctrees were 
observed of fog'a*ooiated with inveision8*of 

. ■ temperqtiire *t; the surface. Taylor traced 
’backward the history of Gie air currents 
7 /involved. In a' typical' case of *an intension 
of temperature up to 400 metres, ifbove whibh 

■ thca temperature lapse approached the value 
' o^ the dry adiabatic rate up to 750 metres, the 

wind -current after coming from -the interior 
of Labro^pr h%d for three days pfssed over 
jyater which was cool*- than it*lf. The 
cooling of the air near the sea surface was 
/ transmitted upward |jy eddy mutiny and the 
application of a formula due to Taylor (lot. fit.) 
oonfiecting the height z to which eddy motion 
would reach in time t, z 1 iKt/pir, gave a 
{iireot means of computing K. The mean value 
of K. derived from such observations was h-lit 1 . 

Observations of diumal variation of tempera¬ 
ture at heightaof 1211,19*, and 302 met res abc ive • 
the b^so of the Eiffel Tower afforded a means of 
deducing the value of K over Paris. If in the 
last equation we put - tt/TK a solutjpn of the 
equation is givet^by = Ac“ sin (2»(f/T) - bz). 
The eo^tion nmy be made to represent the 
diumal variation, which is almost accurately 
a sine clirve, by making T = 24 lioujp. The 
range of variation is 2Ae- fo , and the rafio/f 
the total ra*ge at twosknown heighfS z t and z 2 
is e '/), from which the value of b and 
hence'that of K may be # immc(yatelv deduced. 
Taylor 1 gives a table t«f values of Ktdeduoed by, 
this method for different ranges of Heights for 
each month of the year. The values oj K so 
deduced were greatest in summer, and showed#!# 
increase with height-in stftmner, and \ decrease 
with height in winter.* The mtan value of K 
so deduced w*s 10 s . It?should b»i*teS that 
the value of K varied in the «awe sense as 
the difference in^oijperature between tTie*top 
and base of the Tower. This accords with what 
might have been anticipated &pqori?s ince the , 
frequent invei^ifns of temperature in" wthter 
tend to check *he upward motion of eddies, * 
while the neater approach to adiabatic lapse 
in*su*imer'favours the spontaScoustformation* 
»nd upward motion of eddies. 

§ (14) Variation of Wind with y eight in 
r k%33A ACE Payers.—I n the discussion of 
*% motion in tlft atmosphere Tayloigshowcd f 
-haMfuand v be the components of velocity 
h(*izontal axes x and y, the rates 
if gain of iflraS^entum' parallel to ihejp axes, 
jj unit volume at height z, are Kg(d 2 «/d»2), 
Kp(/Pvldz z ). K being the constant used in dis- * 
Missing temperature variatiojis. If the motion 
)C stead.'ttlie’rtSnltaut gairf or loss of momen- 
-Ura mast balance th<? other force# j?eting on 
he eleufcut of volume considered. The eddy 
liflusifln. of momentum cai» # be regarded as 


an internal frictional foroo, and is in fact the 
“ virtial'friction ” of Ekman? ' 1 - 

# • 
Now «>neider the conditions for steady motion of hn,. 
elcmeiw of air at 0 moving in tho direction 0? {FigA). 
Let Or be tangential to the mean sea-level ieobir. 



r perpendicular to it, in the direction of decreasing ■ 
pressure. Let O be at bright z above tho ground. 

' f J’l“‘ element at O is acted upon by (1) the gradient 
! of pressure along ()//, of magnitude 2uGp sin tp, 
where (} denotes the goBstrophie wind velocity; (2) 
the deviating force^luo to the earth’s rotation, acting 
along 00, whose components are 2ojpv sin <p, and 
i ~ ~wpu sin <4; and (3) the virtual friction along OH, 
wLGse components are K p(d 2 ujdz*) and Kpidh/dz 2 ). 

Resol ing along Ox and O y we find as conditions 
fcg steady motion : • « 

„ dhf , . ) 

B —Kp ^ *=2wvp sin <p I 

i* k * f- 

b % 8 = ” 2u,up sin ^ + 2w(ip ein ^ J N 

Multiplying the s^pond equation by i, and adding to 
the fi#it, and writing V = «|iii we find : - 

d a V . ij} sin <f> m . „ „ 

• <8) 

/here B* iijwritteji for « sin 0/K. 

If we .tssmnn that B and O do not vary with height 
i the solution of this equation is # • * 

• • V-G*:V <M0U2 +C 2 e-O+t) B 2 # ^ 

Since we cannot admit of tty? velocity vising- 
indefinitely with height, wc must havo C, -0. 

If a denote tho angle between the wind at tho ground 
(z“=0) and thcotangent to the isoliar we firfd 3 on 
introducing the condition that the slipping at the 
ground i| in the direction of strain that the value 
of C 2 is sfli gei {a +• (37r/4) {. # 

• 0 / 3>r \ ' 

u - a +jv - V - G«U N -2G%»ae^ B Vl a + “ B *)> 

•or u ==G- V '2G sin ae~ Bz: eo8 * 

• v V _ 4 \ (SI 


>Proc. Ron. Sue. 0* A, p. 141. 


^voii. m 

t:. 


V 1 Bz Hin 

which are equivalent to Taylor’s equations for #»cd»• 

* ArHvf . Mat. A*t. oeh Fysik , fcOC^lki. 2, &1-2.V ; 
. «eo Brunt. “Internal Friction Tn the Atmo¬ 
sphere, Q.J, Hoy. Met. £oc., April lj20> xlvi. • 
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-— t f im * ——" ’’-‘ p'"f ’’ - 1 — 
the m^nitude respectively or the geoetrophic 
wind, equations (6) and (7) %fford two inde¬ 
pendent detenuinations of B. Observations 
made by Dobson at Upavon afford estimates 
of H l and H 3 , the mean values being about, 
300 nitres jWftot) metres respectively. The 
values of K so deduced were 0*2.10 4 , £>•<). 10 4 , 
and 2-8.10 4 for strong, moderate, and light 
winds respectively. These values are some¬ 
what higher > than- the mean value observed 
over the ^ea/S.lJ) 3 , but are ne.yer tjr the mean 
value of- 10 5 obtaAed for eddy diffusivity 
over Paris from a discussion of diurnal varia¬ 
tions of temperature. c 

AKerbloin, 2 from a comparison of the 
velocity and direction of the wind at theltiase 
and at the top of the Eiffel Tower, using equa¬ 
tions equivalent to our equations (1), deduced 
values of K, 0-5.10 4 during winter, and 9-23.10 4 
during summer. In a similar way Hesselberg 
and Sverdrup (Inc. cit.) deduced the value 
K^-5.10 4 from an analysis of pilot oon 
ascents made at Linden berg. 

The “ virtual friction ” or resultant loss 
of momentum has been represented by 
K p(d 2 V/dz £ ). From equfletion? 


The exponential form admits of A simple 
|eometrical interpretation. If in 5 OQ 



represents the gradient wind G in magni¬ 
tude and direction, and OP represents the 
wind at height z in magnitude and direction, 
the vectorial difference PG is represented 
by the right-hand side of equation (4) s<9 
that PG = v/2G e-i<* sin a, and, therefore, 
decreases exponentially with increasing height. 
Also the angle PGO'=a4 (3 jt/4)-Bs, so that 
PG rotates uniformly with increasing z. 
These laws of variation of PG are equivalent 
to stating that P sweeps out an equiangular 
spiral 1 to which the vector representing the 
surface wind is a tangent. The angle between 
PG and the tangent at Pus jt/4. 

This spiral affords the simplest method of 
summarising the distribution of wind with 
height which is represented by, the equa¬ 
tion (.5). At the ground (z 0) the velo&tv 
k* G(cos a - sin a). With increasing elevation 
the velocity increases, ai first rapidly, then 
more slowly, veering steadily t'fle while. At 


K/> 


d‘-V<_ 


E (2) and (4) 


*= 2 ipto sin </>( V - G) 

S - 2J. y/2ip(ti sin <}>G sin ae ~ 1,2 + z ( a + T ~ B2 ) 

= 2 J'ilpu) sin 00 ifn ae - ,w e^V' ir ” 

,, . .. - Tte virtual-friction hots, therefore, at right 

P. it attains the velocity of the geostrophni ;1 vv . , .. 

t! , *(,>.. , * • i P Langles to <1*0, and at* the ground ( 2 - 0) it 

wind. At P 2 it reaches a maximum, and at r t . . , - J 

t, , i, . t , .. t herefore acts at *n angle of 4.V with the surfaco 

P a it first attains the direction of the geo- c i , u f ... . 

, . . . t t. /ut. *Tv ■ i wmd. Bu4> if, in Fig. 4, R represents the 

strophic wind. The height of P., (H”, sa*^ is . . c, , . .. „ . ,* . e 

. ° J a cvylual friction, R is the resultant ^>f the 

® e i * « * ... ,. _ pressure gradient and the deviating force due 

a + ~ BH 3 = 0 or H 3 —. (0) j to the earth’s dotation.® The pressure gradient 

can hf; centputed front a chart, §nd the deviat- 


to find tile height of I* (snv I?,) join P/^arfi | >«8 f( ’ rce < '» n « J > 8 #mpi*te(l from the observed 

bisect it at M, and join,OM (Fiy.t6). Then ! wiwl'and mu H can be fojncj, Akcrblom (Inc. 

c * • i cit.) computed the magnitude and direction 

^ of It at*fche J;o{*and at the bu«e of the Eiffel 

Toiler. «JFhc magnitude of Jt^is pro|*ortional 
to e “ Bz , and, therefor#, the riftio of R for base 
and top of thg tower—e~ and since 

— Zq =2$0 metros, B can*be computed.* iflso 
the angle between R at the top and base of 
the towe|(--* B( 2 , - z u ), and from this the values 
of B can again be computed. The dP 

1^ deduced from the change in magnitud§ 
and from the change in direction ^jftvere 
consistent, yielding K fl*8.10^fcr wmte^ **id 
K = 9*5li 1(% for summer. 

•The values ^f^K referred to above are 
collected in a table for ^prposcs of comparison. 

*• • • C.0.8. unlta. 

At sea ojjet Great Banks^rom tempera^ 

rliA.rihilf inn * 



using rylatiogs previously dedqp^l, wc have ^ 
P X G — 2MG = 204? cos ()GJ1= ^20G c«s PGO, 

or sJ'iG sin ae ” BH * cos f ^ - BfT z ^ 

o t 0 

sina.6" ,,H >= v ; 2cos (7) 

If <t^be known, and also H, and lf 3 , tfic hligkts 
at wtiich the wind attains the direction and 


1 This is 
observations t>y 
Phyn. Atm., lfyo, vil. 156. 


dfocitssed fully 
oy Hesselberg 


and 

and 


cmnr»ared 

Bverdrup, 


with 

lieit. 


turn distribution , 

Over Salisbury Plain from wind distribution 


3.10® 
6 . 10 * 


jp" |£l )Sa l a > ^ oc ' detent. Acta, 1908, scr. iv. vol. If. 
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' “ C.CUS.uhits. 

At Eiffel Tower. | Taylor’s determination 

from temperature distribution . . 10.10* 

At Eiffel Tower. Akerblom’a determina¬ 
tion from wind distribution . . 7-6.10 4 

At Eiffel Tower. Brunt’s deterrifinaHon • 
from internal friction . . . r 7-4.10*. 

Lindenberg, Hesselberg, and Sverdrup 

•from wind distribution . . . 6.10* 

' »As might be expected the eddy conductifity 
is less over the sea than over grassland, and 
~ ‘ 'Hie 


papers^ jin the first 1 he assumed that the 
velocity of the wind in the cyclone was everjj- 
whefo constant. The general result of this 
discu&ion was that revolving fluid should be 
looked for in tl\e secondaries which form in the 
•outerRegions of large depressions rather than 
in the central portions of tht Repressions 
themselves. In a later^paper 2 a cyclone was 
assimilated to a spinning horizontal cartwheel 
endowed with n motion of translating in its 
greater oVer Paris thua ofer eil&er. The owri j^bine. This simple conception helps to 
ffloseness of the mean values obtained from the I e ^bim a number of the salient features of the 
Eiffel Tower observations of temperature and ! tT'ulone, an( ^ w ill be considered in some detail, 
of wind distribution/* indicate thaf? Tailor’s | ^*0- J ^ be the centre of the rotating 

hypothesis that the same agency transmits J fM sc > moving along OA with velocity U, and 
both temperature and momentum is substan- | fhe angular 
tially correct, or that the same constant K is I velocity of the disc 
involved in the equations for transmission of 
heat and momentum. 

Taylor’s theory thus gives a dynamical 
reason for the difference between the structure 
of thfc lower strata of the atmosphere over 
sea and land, over toi*;n*and plain. Since tlfe I 00'. ^—U. The 
coefficient K varies with the lapse* rate of i ** w 'h bo 

temperature ami %ith velocity, the wind j 
structure will vary with the time of day and \ 
with the season* • 

It is customary to spdhk in a ratifcr loose 
manner of the “ regions beyond th^ reach #>f 
turbulenc^* and it i# of some importance to j 
define tb/ height at which the effect of tur¬ 
bulence becomes negligible. .This iryiy 0 . 


be <■. There will 
be a point O' on 
the line through 
O perpendicular 
to OA, such that 


the instantaneous 
centre of the disc, 
and it is a matter 



Fig. 7. 

of simple geometry to 
pr^ve that* the instantaneous motion of any 
oilier noint P in the disc is fO'P, perpendicular 
to OP, equivalent to an instantaneous rota¬ 
tion with velocity £ about the point O'. The 
point O' will thus be the centre of the winds 
defined as the height at which**) becomes. * 11 t,lc cyclone, or the kinematic ce*tre, while 

.. . . . .' ... _ t\ it.,..i..:_ a..: i ii 


negligible in comparison with<)G (Fig. 5). The 

wind direction first reaches the geostflqihicdireq- T - 

“ at a height <r&/B. If we assume* 1 thfjsobars form a system of concentric circles, 

- - - ' - . I i\'l\ .1_i 


tiop. 

K—10 6 , B 2-4.10 fflid with a ^22^°, this 
gives for the height 1145 nfkres. At this 
height e-i* -••0C>4, and* P 3 C \2%ifl a" 0fl40 j 
or P 3 G -- 033G. AJ 1700 metres m • ^21 p \ 
and v2e ~sin 9-- %139. Thes figureg would : 


O is tjie cenirc of the revolving fluid or the 
tqjnatjp ’’ centre. It will be seen later that 


who{^. centre isTui O'O produced. <3 
It is necessary to show that such a system 
of motions as is contemplated in the last para¬ 
graph is dynamically possible. The problefo 
will here # he treated as a two-dimensional 
T»rohleiy bailing froSi the Eulerian equations 

4.x _1.x _ r..i*. 


indicate that the geostrophi%wind should be , referred to uniformly rotating axes, following 
taken m a meajnre of the winS about ilKiO i the lines of a discussion Ify-Rord Rayleigh.* 

•Surface friction and turbulence are neglected, 


to 1500 metre 1 ?# At £00 metres e B *=-"05 
and \'2 sin am~ ik = 156, and / POO' = 90°, 
OP^l-01G, and /rf>OG-9°. # Thi* at 500* 
metres the wind should be slightly above the 
geostrophic wind and should be at^an angle 
*#f ^jt^ # the isobars, blowing into the region 
of low pressure. Che effect of ttirbuh^ice will 
?iie t at a lower height if f» is increased orl 
d^pwa£@ff. 1# K is Waived B is increased 41 i 
per cent, ond^STe height at which tqjbi^ence is ! 
negligible is 70 per cent of Gie original height. j ( 
§ 1 15) The .Persistence of Moving i 
Cyclones. — The cyclones ^observed on the | 
synoptic fljiart usually have*a motion of trans- 1 
lation t# east or cast-n$rth-east in tHetiorthcm 
hemisph^c. . It is nocessary to consider, there¬ 
fore, the conditions under •which a moving 
cyclone can persist. The question has re(#?ntfy 
been disousaed by Sir Napier Shaw in two 


and the Atmosphere is treated as incomp rani ble 
and inviscid. The rAults of*the discussion are 
therefore only aj>plicable at heights 
• removed from the effects of fHirface 
turbulence. 



Fig. 8., 


In Fig. 8 lt*t Oar, 0 y l>o rectangular axe? fixed 
relative to the oarth, and rotutmg with it. .They 

1 Prw. Hoy. Soc. A, 1917, xciv.^4. 

1 M.O. Geophysical Memoirs , tip. 12. 
s Phil. Mag., 1919, xxxvlif. 420. 
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therefore have a uniform rotation of w sin r f bout 0. 
I qjhe potion * to be investigated is that of a ring of 
particles of radius r, whoso centre C moves* with 
uniform velooity U aloiig Ox, while the ringfrotates 
with uniform angular velocity f relative to the moving 
axes, Let O be the initial position'of (*at time /=O t 
Thcu OC— U/ r The component velocities of P 
. along Ox, Oy-a.ro r 

' v 

■ The Kn’erianrequations give 1 
1 dp 
p dx 
1 dp 
P dy 

The last terms in these two equations are the com- 
ponent accelerations relative to (', ami are there¬ 
fore equal to -f*<a?-U/) and - respectively. 

In equations (2) substitute for u, v, Dm/D/, DvfDt. 
Then 


•-4^, 


-«*-U/). 


1 sin® 0z-f2wt) sin <p- 


1 sin <Py - 2am sin 0- 


(1) 


(r) 


1 dp 


- - w 8 sin 2 (px + 2u£(x - Vt) sin 0 \■ $ 2 (x - id) j 


p dx 
1 dp 
pdy 

But r 2 = (x 

and • rdr — (x ■ 

From equations (3) 

• ! tJ ''I'.i, 


M3) 


</>!/ - 2«( U - <■;/) ain rp -I- s f’J 
a 

tIT)* I y s 
Vt)dx+!fdif. 


P P 


dx 


P d <J v. 


i*) 


dp 

7 ' 


. oj 2 sin^ <f>(xdx +ydy) 4- 2w sin <p\'dy ■, 

4- (2w sin *0^4- fi'p'dr. (5) ( 
« ♦' 

If ( \his equation can be integrated the motion 
contemplated is dynamically jxtsible. So far it 
has only been assumed that j' is constant for the 
ring of particles of radius r. The result shown 
in equation (4) allows of J" varying v^.th r. In the 
special case considered by Shaw £' is constant. 
Equation (5) then yields on integration ^ f 

sin 8 <p(x 2 4 -y 2 ) 4- 2w sin <pUy < 

4-|(2w sin <p{ + $*){(x- U/) 2 4-y 2 | 4-conqt. (6), 
Wb< the cyclone i^ at rest U=0, and 


y,P 


»4(W ain <p + t)\x 2 4-/)4-consL 


(7) 


The terms in w 2 sin 2 0 may be neglected by com¬ 
parison ^vith * the terms in w sin { anjl £*, anA j 
• equation (6) liay be written ^ < 


■ooqatant'H&tf sin 0 4-<l?*) 


( t _ _ / (SU sin 0 ‘ \ a ) 


( 8 ) 


The awtem of motions contemplated in Fig. 10 
is dynamically possible, uquatidn t8) 

shpwfr that the isobars form, a system of 
.concentric circles, whose centre is at a point 
distant wl£6in c 0/o>f sin 0 4- tf 2 below the 
» See Laub’s Hydrodynamics, 1910, § 207. 


centre <nf the revolving disc. This point ; is 
called the dynamic centre the moving. 
cyclone. ‘ r _. "" v S ?v 

The effect r of uniform translation id * 
straight linqupqn a system of circular isobars ., : 
is to fc displace the centre of isobars to the 
n^ht of the line of motion of the original 
centre, and to displace the centre Ojf winds 
in ( the opposite direction. It is worthy jpf 
note that on a synoptic chart it should be 
possible *to detect immediately /he centre 
of windd and the centre of isobars, but no£ 
the tornado centre, or centre of, rotating 
fluid, sinre this point is not distinguished by 
any special feature on the chart. 

Equation (8) was derived from equation 
(6) by neglecting the terms in w 2 sin 2 <f>. The 
pressure field of the moving system is thus 
equivalent to the superposition of an un- 
compensatod field of pressure 2wpUy sin 0 
on the original circular field of the cyclone 
at rest. The superposed field has a gr|^ient 
2vplJ sin 0 corresponding to a geostrophic 
velocityvU along the axis of x. The dynamical 
system represented by a set circular isobars 
moving with uniform velocity may therefore 
be regarded as equivalent tf> fluid rotating 
about qn axis to the left of the line of motion 
the dynamic centre, and set in motion by 
an unconfyensated liney field of pressure. _ 
There remains the considerati/fa .of the 
ration of the cyclone to its environment. 
The assumj^V^ constant vorticity through¬ 
out the cyclone^ involves a ^discontinuity at 
the boundary, unless the region of constant 
lV vortidity is surrounded by a region of decreas¬ 
ing vo'rtisity and deceasing velocity in which 
the conditionsrmerge slowly into those of the 
euvirenr^pnt. Shaw ^ states: “ . . . the dis¬ 
tribution oj N^locity in the ordinary cyclones 
S>f quf- maps suggests the bsimplc vortex ’ with 
velocity A/rSor the outer'margin of a cyclone.” 
This is eiBentialiy the same conception as that 
of Qberbcck.’ 1 Obcrl>eck shewed that, if in . a 
stationary cyclone th(v veloc^iy were propor¬ 
tional to the distance from the, centre in the 
c inner region, Lnd inversely proportional t to 
the distance from the centre in the outefc 
region, there would be no essential dis¬ 
continuity at the boundary. But there^is a 
striking distinction between the inffei ' ana 
oh ter regions, in that the inner region htfcft on& 
definite kinematic centre anc^ on*fciaftnito ^ 
dynamic centre, while each rii^jof the outer 
region ha&* its own kinematic and dynamic, !> 
centres, whose ‘jH^itions are functions of the 
radius r of the ring. • ' 

Some investigaVons of Lierdr Rayleigh on 
revolving «fluid in the atmosphere * would 
indicate that the effect of convection alon& ( 

» Manual of tfetf orolofn,, part lv. J>. 150. 
e *e Sprung, Lehrbuch der Meteorologie, p. 145. . 

• Proc. Roy. Soe. A, 1017, xclll. 148. ‘ 
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the core-of the reyolvfiig fluid would be to 
produce convergence towards the axis of rota¬ 
tion; < The' direct' consequence of the conven¬ 
ience would be an increase of the pressure 
gradient in the cyclone, and a superposition 
upon the normal cyclone *(wflh cdhstant 
angular Velocity) of a simple vortex, so that 
the* tangential velocity v would be given by 
ttezfr-fAr~* There is no adequate in^ms 
”'.01 deciding what happen# to the ascended 
air at thc^top gf the core, though ^he anvil- 
shaped thundercloud mall provide at analogy 
on a small scale. It wbuld thus appear that 
the region of the torpedo centre is obvious 
region in which to look for convection ill the 
norfhal cyclone. If local convection should 
occur outside the central region of the revolving 
fluid, it would presumably cause If local circula¬ 
tion which in the case of prolonged convection 
would give rise to a secondary depression. 

It is not possible to say at what height the 
column of revolving fluid begins. It may 
possibly come into existence as the result 
of prolonged convection on a large scale. Tne 
rotation leads to the su]>erposition of a field 
of circular isobars %pon the original field of 
pressure, and (j)ie revolving fluid is displaced 
along the direction of the original isobars. 
This may possibly account for the exisfceime 
of “ revohjjng fluid ” in secondaries fornred 
‘within.loftier depressions, and in large cyclones 
embedded in fields straight or slightly 
curved isobars. # ^ 4 

§ (16) The Anticyclone. — mte equation* J 
connecting the*wind velocity wjjth gradient, 
of pressure is * * 

P • V a • • * 

. — = 2 wV sin 0 - %it r. 

^ * 

If the equation he solved as a ^mylratic for V, 

V *= Rw sin 0 tai tr 4 <R tan r \' w* Hn 2 0 ^ 

The* roots become imaginary if ^co^r/Rp* 
exceed w 2 0. Thus in an anticyclone { 
the pressure gradient cannot exceed a small 
limiting value, whereas in t^o cyclone tilery 
is no such limit seif to the gradient of pressure. 
This simple relation was adduced by Gold 1 
.to explain the well-known fact that only light 
ant^Qtoi exist ii^ the central regions of anti- 
* cy$Jpnes. • • 

tfanalik 8 distinguished two types of anti¬ 
cyclones, c&ld and warm. The cold anti¬ 
cyclone is shallow and moves rJpidfy. The 
rapid motiori appears to A>e*necessary to # the 
maintenance of tow temperature. If the cold 
anticyclone ^Upvs down, JJhe pressure in the 
centre^ iTses steadily* and as the # anticyclone 
is bec«ning stationary it begins to become 

' *‘ l Barometer Gradient and WiifiUForce, M.O., No. 190. 
l^Denjk8ckriften k.Akad. Wise. Wien, IDOtfjjlxxtfiv. 


warm. The warm anticyclone reaches to 
greater* Weights, and its motion is indefinite, • 
.It r%iy come over Central Europe as a fuller 
(leveled warm anticyclone, or it may 
originate from a cold anticyclone as suggested 
^bove. • * . 

Haitzlik’s investigations were based on 
observations made at mountain stations, _• 
ranging from the Brocfcen (1143 metres) to 
Sonjiblick (3106 metres). He found that the 
axis of the “ anticyclonic whirl ” was fsually 
inclined towards the north-west. The front 
i| colder, cloudier, and more humid than the 
rear in both cold and warm anticyclones. 

It will be noted that the velocity of transla¬ 
tion is of fundamental importance in Hanzlik’s 
classification. The cold anticyclone remains 
cold only because it moves rapidly. Hanzlik 
explained the difference between the anti¬ 
cyclones of N. America and those of Europe 
on this basis, most of the former being rapidly- 
moving and cold. 

The problem of the translation of an anti¬ 
cyclone has not been discussed in the manner 
applied to cyclones in^i (15). Since the direction 
of rotation is opposite to that of the cyclone, 
the pressure equation for an anticyclone 
rotating a solid disc should be derivable 
fnftn the cyclonic equation by changing the 
sign of Tho resulting equation is • 


= const. - (• sin 0$*- |f*) 

/ / wU sin 0 

* •i.Vwsin 


y+r r -vt)>y 


This wifi represent an anticyclonic distribution 
of Pressure if • # 

# j'<2a>8in0. 

No estirfat^ of^the possible value of f in 
^in*anticyclone are Available, but it seems 
# improbaWe that t(j|p anticyclone is to be 
explained by the last equation. 

§ (17) Atmospheric! Oscillations. (V) Free 
} Periods of the Atmosphere. —The free periods 
of the ^fastic oscillations of the earth’s atmo¬ 
sphere were first discussqd by Ra^Piigh. 8 
A preliminary investigation showed that the 
vertical oscillations were of very short period 
and could b<*neglected. Assuming thd atmo¬ 
sphere to form an isothermal spherical shell, 
and neglecting the effects of*rotation and . 
friction, Itayl<hgh 4 ^howed tl^t the free periods 
of the horizxgital <^<jjlla$ions are given by 
r H = s/n(n + 1), where n is an integer, r 
the radius of the earth, and cf the velocity %f 
soifnd. Taking the observed value for a, 
which is equivalent to assuming the oscillations : 

fle afiiaflktic, Rayleigh found for the first 
3 periods 23-8 hours, 13-7 hours, and 9-Vionrs. 
It appears probable that oscillations of such 

* Collected Papers, ili.^55. 

4 Vide Theory of Sound, j 333* 
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long period would be isothermal rather than 
adiabatic, so that for a the Newtonla.fi value 
should be assumed. With this substitution 
- the periods are increased to 28-1, 16*£, and 
11*5 hours. 

Margules 1 reconsidered the whole question, f 
and discussed the effect of rotation and friction 
upon the periods and amplitudes. He showed 
that the effect of rotation would lie to decrease 
the periods. Rotation reduces the second 
period^of lb-2 hours to 12*3 hours for oscilla¬ 
tions along the meridians, and to 11-94* hoyrs 
for oscillations along the parallels of latitude. 
The effect of friction is to increase the periods 
slightly, the effect being proportionately 
greater for the longer periods. The effect of 
the large coefficient of friction 0 0001 upon a 
westward-moving wave of period 13*9 hours 
is to increase the period to 14-(> hours, so that 
it may be assumed that the period of 11-94 
horn's will still lie in the neighbourhood of 
12 hours when friction is taken into account. 
This westward-moving double wave has two 
maxima and two minima upon each parallel 
of latitude. The ohscrvrd semi-diurnal pres¬ 
sure wave is probably produced by resonance 
between this free oscillation and the pressure 
variation produced by the sepii - diurnal 
temperature oscillation. 2 It is worthy ‘of 
note that Margules found no free period near 
24 hours. *» € <- 

(ii.) Waves in Surfaces of Dii continuity.— 
Helmholtz 3 demonstrated that at the boundary 
of two iriedia of unequal densities moving 
with unequal velocities, a sharply Affined 
surface of discontinuity would be Sonfiod. 
Such ^conditions resemble tliqpe which Hold 
when a wind blows over the surface of 
water, and a series of waves will form in 
tlje surface of discontinuity iqovkig forward 
in the direction of the more rapidly moving 
medium. e c •! 

Such a surface of discontinuity* will Always | 
tend to form in ^h© earth’s atmosphere at 
the bounding surface between the East^to 
West circulation of the polar regions,,and the 
Wes^to East cireulatiqp of mid-latitudes. 
Bjerknes ascribes the formation of cyclones to 
the waves which form in this surface. c Helm¬ 
holtz showed ffom considerations, of stability 
that the surface of discontinuity should be 
inclined •to tbe earth’s surface* at a Smaller ** 
angle than the elevation oj the*celestit& pole, 
except in the speeial* ease 'Vfhcn the dis¬ 
continuity is simply a discontinuity of velocity. 
Iff the latter efrse the .lu^foce becomes eyjin- 

1 Sitzber. Wiener Akad. cl. part ii.«, 597; cii. 
part li.tf, 11 and 1369. Marguldr ]*if>ers are not 
easy spading, hut a very clear account* of this Work 
ia given by Trabert in Meteorolagische Zeilschrijl , 
1903, |V. 481-501. 

* Vide. Simpson, “The Twelve-Hourly Barometer 
Oscillation,” Quarter^/ Jour. Roy. Xfet. Sor. xiiv. t. 

■ Tiber atmofQMrische Bewegungen. Ges. Abb. Ilf. 
289. 


drioal, yith its axis parallel t<f the axis of the 
earth. . • $ 

'Helmholtz also explained the wave-like 
form of some clouds as due to waves in 
surfaces of discontinuity in the atmosphere. 
Such ‘.waves will form in the surface of 
separation of two media of different densities 
moving with different velocities. So lang 
as ♦lie amplitude of oscillation remains snu^l 
by comparison with the wave-length, the 
waves retain th$ approximate^forntfof a sine 
curve. With increasing amplitude they depart, 
more and more from this form, and eventually 
break. K „ 

The dynamical theory of such waves is 
extremely complex, ami only the main result 
can be quoted here. Helmholtz 4 and Wien 6 
showed that if bo the density of the upper 
medium, s 2 that of the lower medium, v x the 
horizontal velocity of the wave relative to 
the upper medium, the velocity relative to 
the lower medium, and \ the wave-length of 
the progressive wave, 


2r- 




Actual observation only yields v x + v* but if 
the velocity of the wave be assumed to be the 


sa^ne «in the two media, or 


thdp 




\ 


will give the wavelength. • 

Exner, 6 lifting an analytical method due to 
Schmidt, re-derived the main Helmholtz- 
Wien resufVs. Taking the axis of z vertical, 
and x, y, axcf in the* horizontal plane, he 
showetf tfcat if there is no velocity parallel 
to the axm, *ind the v .lotion is irrotational, 
the period T fs given by ° .j 

• _ __ 

t « q. * ^2ir\ a, + 

* "V a 8 

i V 

Reference may be made to, a paper by 
kamh, 7 in,, whicn the theory of waves a 
surface of discontinuity, and of waves iii an 
atmosphere with any assumed constant tem¬ 
perature lapse*, is developed at some leng th, ^ ^ 
§ (18) Synoptic Charts* —The s^ftT^tic 
chart cohsists of a map on which are insentfeed ° 
opposite each observing station tfye ba**»na6ric 
pressure, reduced to mean sea-lowl; the win8 
ind^ateb indirection by an arrdw, the strength 
on the Beaufort* sfcale being denoted by the 
number of barbs on the arrow; the tempera- 
ture; the weather denoted in Beaufort, letters; 
and the tendency, or tke change of pressure 

o 

4 Berlin Sitz.-Ber., 1889 and 1890. ° 

* I/rid., 1894 a/*l 1895. 

. • Exner, Dymmische. Meteorologie, p. 280. 

7 *Proc. Roy. Soc. A, Ixxxiv. 551. 
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during the laflfc three hours. T^e isobars, 
or lines of eqyal pressure, # are then* drawn. 
These lines resemble contour lines on a map, 
and they usually take well-defined shapes. 
The two main types of pressure distribution 
are the cyclone or depresskfti, And tl# anti¬ 
cyclone : centres of low and high pressp.ro 
respectively. Abercromby, in his treatise on 
Weather, distinguished the following seven 
fypes of pressure distribution : * 

(i.) Tkg Cyclone or Depression —Distin¬ 
guished by closed eirdh^ir ot* oval no bars en¬ 
closing a centre of low pressure, having a tota.i 
diameter of anything from 100 to 1000 miles, 
or even more. This is the travelling •storm 
of •extra-tropical latitudes. It is a region 
of strong winds, and generally bad weather. 
The winds blow round the isobars counter¬ 
clockwise, and slightly across the isobars into 
the region of low pressure. Depressions move 
across the map at rates varying up to thirty 
miles per hour, the general direction of drift 
beilf£ W.S.W. to E.N.E. Their movements are. 


- • . • - . ■ _ 

(v.) Wedge of Hugh Pressure, — The region 
lxjtweenitwo depressions. Its front is marked 
by ^apid clearing, and a rapid rise of tjjo 
barometer, followed by,a, rapid drop of the 
baroiHeter, a change of wind from N.W. to S., 
and clouding over of the sky, indicating the 
approach of another depression. 

(vi.) Col. —The region betwfeg t^o anti¬ 
cyclones. It is markedly light airs, and winds 
converging from the two anticyclones. It 
oodhsionally brings brilliantly fine weatfcer, but 
i^ usually cloudy, will? fogs in cold weather, 
and thunderstorms in summer. 

* (vii.) Straight Isobars. —It sometimes happens 
that the isobars are practically straight over 
•a considerable range between a cyclone and 
an anticyclone. Over the British Isles this .* 
happens most frequently with low pressure 
to north and high pressure to south. It is 
marked by westerly winds and considerable 
variety of weather. Straight isobars running 
north and south, with high pressure to west 
and low pressure to east, usually bring squally 


however, somewhat irregular. Van Bebficr wind, much precipitation, and snow in winter, 
classified the paths of cyclones aifd showed Further details nfjl ie distribution of weather 

that in summer Ac paths converge towards in the different ty|>es of pressure distributions 
the Actio seas, but in winter a greater will be found in Abercromby, Weather ; W. N. 
number move* towards Central Siberia. (See Shaw, Forecasting Weather ; and Meteoro- 
“Cyclone.”) • # logical Glossary, article “Isobars.” E. Gold, 

(ii.) Anticyclones. —Distinguished by ovril or *Ai<ls*to Forecasting, M.O. 220f., gives fifteen 
irregulaaly shaped lbobara, enclosing regions ^ypes of pressu* distributor#, and an outline 
of high* pressure. They are usually larger of the weather associated with each, 
in extent than cyclones. Xh*y move #erj* § (19) Types of Weather. — Although 
slowly, and may reifiain praetifciflly stathmai#* cyclones move much more rabidly than 


for days, as fnuch as ten' days or more ii^ | 
exceptional cases. They are distinguished by 
ealnfs or light winds in the central rcgi<rii, 
and moderate w'inds *in the outer regions, [ 
blowing clockwise tyund tTie isobars, and j 
slightly outP of the high pressure.® fhoy are I 
regions of settled leather, *bift tli^y often * 1 
bring much fog #nd cloud i« winter.* (See 
“ Anticyclone.”) * 

(iii^) Secondary Depressioft.— ♦Sonfctimes nea# 
the outer edj*c*of a depression, most frequently 
on the southern sid<?, is noted a bulge in the? 
isobars, insffie which may itupear a secondary 
centre of low p&ssure. The sectmdary may 
have its own wind circulation, or may only 
produpe a variation in the windfdistribution ] 
WThe main depression. Usually tlio wind^J 
light or Moderate, but the ®secoi^lftr\ | 
(Tenr ^s jon usually briTigs fog in win ter, | 
•heavy rain ®and not infrequently thunderstorms | 
in summon . • • 

(iv.) V-shaped Depressions A variant flf the 
secondary, in whiejj the isobars take the form 
of a V, u^iayy pointinj^pouth. The passage 
of the*trough of t|je V brings he^vy squalls ( 
or (Having rain, while the wind*vecrs rapidly 
from ^southerly direction to N.W. accompanied 
by rapid clearing, and*# marked fall of 
temperature. • • 


antiqycloned, it is the anticyclones which f 
^<*beri«inc the type or the general outline 

the weather. Four main types of wither 
cat* ho distinguished according to the position 
of the dominant anticyclone in the neigh¬ 
bourhood^ • 

•(i.) Southerly tyf>e , with the dominant 
anticyclone to thc # east or south-east of the 
British *ItJe». Degressions which approach 
from the Atlantic pass off northwards. It is 
not. usually a very persistent type. The 
Gets tern edge of the southerly current lias 
clear skies, but rather cold weath^fc the 
western edge has*cloudy weather and some 
rain. * 

(ii.) Wetferly type, with an anticyclone 
extending from the region of the Azores 
tmvawls *S^\» Europe. This c^nditi#i favours 
the' passage tof depressions^from the Atlantic 
in an easterly fliiyctiop, and produces un* 
setAxl weatner ov<?r the British Isles for 
periods of as much as six we4ks at a time# 

•(iii.) Northerly type, with an anticyclone 
extending Jfr<#i Greenland in a southerly 
di*octrim ♦« the west #of the British Isles, 
bringing a cold northerly current t^ong its 
eastern edge, # and favouring the passage of 
depressions in a southerly or south-easterly 
direction. These depressions frequently pass 
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theory of 'the itioviri^ cyclone v giyen til,. § (16J: 
Upper 'winds strengthening usually denote »< 
emulation round an advancing depression. ' 
Some French meteorologists use as an aid 
in forecasting the ratio of wind to barometric 
tendency, high Values of this ratio indicating 
th*; slow passing away of a depression, low' 
positivo values indicating rapid passage of a 
depression, and low' negative values indicating 
a region threatened by an advancing depres¬ 
sion. SiHjli rules may be of value special ' 
eases, buf it is to \vi feared that when the, 
barometric tendencies fail to give a true 
indication of coming change's, all other rules 
fail. 1 * 

Dr. Nils Kkholm suggested that a chart 
should lie drawn indicating the changes in 
pressure since the last time of observation, 
lines of equal change, or isallobam, being 
drawn, enclosing regions of rising and of 
falling pressures. These regions are very 
clearly defined on the isallobarie chart. They 
drift across the map in a mom regular^and 
persistent manner than cyclones and anti¬ 
cyclones, and for considerable jx'riods they 
follow the same path. * c 

Apart from the question of forecastftig the 
pressure*- distribution there arise difficulties • 
where a tHe details of the coming weather are 
co& corned. c The element which ca^i be fore¬ 
casted with most confluence is wend. In 
winter it is extremely difficult to 'forecast 
rsnol. The jihysical conditions wliich deter¬ 
mine whethef 1 firecipitatidh will take the form 
t of rain or snow * have not fet been fully 
formulated. *In general, it is not easy to 
ftfreaast t th<j amount of precipitation whlth a 
depression will^ brin$. Tho problem will 
probably be solved by # fho multiplication of 
observation «*>f temperature in tlffe upper air. 

If ( the l^pse ratfll of tem^rature in the lower 
strati is well (below the adnabatic rate heavy 
precipitation should be improbable, while a 
lapse rate nea* tfie adiabatic should favour 
precipitation. A lapse rate greater than the 
adiabatic indicates instability* which may, 
other conditions favouring, lead ^o thunder¬ 
storms. e ° 

In forecasting cloud amounts use is made 
of the well-Cuirked diumal variation. 1 a There 
L is a well-marked tendency for cloud to^BHC? 
'at sunset*particular^ Cu., Sf.-Cu., and top¬ 
less extent stratus and alto - stratus^^, Ltee 
should bo made of this diumal variation only* 
in conjura tic# with a synoptic chart, since the 
changes of pressure ^nay modify the diumal 
changes on any particular pccaSion. 

§ (21) Norwegia* # Method8 ^fJForecast 
ino. —Norwegian meteorotygists are at^resent 
engaged on the development of what praises 

• - 

1 See Brunt, Prof. Nates, No. 1 (Met. Office), tables 
for Kew and Greenwich showing relation between 
wind direction and cloud amount. ' 


over the North Sea., bridging wet weather over 
Great Britain. { 

• <. 'iv.) Easterly type, with an anticyclone .over 

• ^ Scandinavia or to the north of the‘“British 

Isles, and low- pressure over France/ This 
produces easterly or north-easterly winds, and 
the cold w'eather associated with the eost»iwinds ,, | 
of Marqb. /Ino southern edge of the easterly 
current brings rain, which is frequently very 
persistent, and snow in winter. Nearer tho 
centre v^f the anticyclone the weather is bright 
and cold. '* „ 

§ (20) Weather Forecasting. —Since tfio 
woathor associated with a particular type <>V 
pressuro distribution is usually of a definitely 
'known type, the forecaster's main problem is 1 
'ifci to forecast the changes in the pressure dis¬ 
tribution, or the movements of cyclones and 
antieyelonos. The chief aid to the solution of 
tho problem is the distribution of barometric 
tendency on the synoptic chart. Regions of 
negative tendencies indicate regions over which 
depressions are advancing, or from which anti¬ 
cyclones are recoiling, while regions of positive 
tendencies indicate regions over which anti¬ 
cyclones are advancing, or from which de¬ 
pressions are receding. As some depressions 
, move very rapidly the forecaster lias to be 
on guard against surprise by an unforeseen 

• depression. * 

■- The first sign u* the advance of a depression 
from the Atlantic over the Britif-h Isles is a 
rapid drift of cirrus from the direction of the 
•depressions The wind backs to cast of south 
over the western coasts of Ireland, an^ the 
barometer begins to fall over the samevegkij. 

• The*rate of fall of tho barometer gives 0 an 
indication of the rapidity of tiie advance of 
the depression. Once the forecaster has 
determined the changes vhich n$e taking 
plffce in the pressure distribution, and fine*! 
rapidity of the change, t he can asr_ign the 

: ‘ , probable general course of the wgatnee. Jn 
v practice a considerable amount of experience 
is necessary before a forecaster can with any 
degree of certainty predict the rapidity wfth 
whicl^ihe pressure, changes move across the 
D regions concerned. Difficulties also arise from 
the fact that depressions do not always ^follow 
. straight* paths, -and do not advance with 
: uniform velocity. 

On the^wholg, depressions tend, mtve so 
r ' as to keep bot^ high preasuft) and thigh 
. ^/temperature on their /ight 4 *lf lygh pressures 
' and low temperatures ar^ associated together, 
/.the- rate of motion of the depressions will 
9 be slow. . It must be admitted, howev&, 
that the use of surface tcfipgratures in 
forecasting does not# lead to ve#y definite ( 
the British Isles. Aitken has 
move in the 


results c for 
suggested that a depression wi 


rill > 

direction of th^^ttpngest winds, and it may 
be noted in passing that this fits in with the 




khbo a v«Sry ffuitful-line of attack ypun the At preefcnt'thc investigations of the Npr 
problem of ^precasting. .They regard the wegian ‘meteorologists are incomplete, and nd : 
weather of the northern hemisphere as largely judgement is possible as to the Anal value*of. 
dependent upon the existence of a surface of their^Seos, so far as apjflication to the weather 


. discontinuity between polar and equatorial air. of the British Isles is concerned. It is a 

Helmholtz 1 showed that such a lurfac# of dis- , practical problem to trace the polar front, in 

continuity should tend to form, and Profeasor the dhole of its course round tl*; globe, and a 
Bjprknes and his associates claim that it can be network of observers will he required to keep 

detected at tho earth’s surface as a liije of track of its changes from day to day. 

discontinuity in atmospheric conditions. The ft remains to be seen whether a cyclone is 
polar ai%is cqjd, dry, and Jranspurent, often to be accounted for 3 ^ an almost stationary 
^moving jpm an easterly point, andlthe equa. wmsin the polar front. This would appear 
tonal air warm, moist, with poor visibility, require that the axis of the cyclone should 
always blowing froij a westerly j^iint. The always be inclined in a northerly direction, 
line of discontinuity which is called the * polar § (22) Thunderstorms. — Thunderstorms i 
passes through the centres of cyclones, %re associated with the formation of heavy 

inn fllA nt.nfm imn /mnlnnn ...itk ril.- A.m<«l.. n __ 1.. •„!. _ mi _■ 


connecting the centre of one cyclone with those cumulus or cumulo - nimbus clouds. They 
of the preceding and following cyclones. The frequently advance across country in a long 
part from the centre to the front margin of narrow belt moving transversely to its length, 
the cyclone is called the steering surface or The first sign of the approach of a thunder* 
“ anaphalanx,” and the part from the centre | storm is the formation of heavy clouds of 
to the rear margin the squall surface or ! cumulus type, with round heads, and very 
“ kaxaphalanx.” All the weather iqcidcnj,al j sharply defined edges. The wind freshens, 
to the passage of tho depression is referred to blowing at first towards the advancing storm, 
the anaphalanx and kataphalanx. i while the barometdl* falls slowly. At the 

In Fig. 9 ®OSl affd OB represent the ana- onset of the storm the wind changes its 
phalanx and l^ataphalanx respectivelv. The | direction, and blows from the storm outward, 
equatorial current moots the polar J current [ and the barometer rises rapidly through from 

__ • g to three millibars. Heavy rain falls, 

# usually mixed with hail, accompanied By 

sfj ___ lightning and thunder. AftSr some fluctua* 

/ old 9 A i r ^ tions during* the passage of the storm the 

/ z' ^-- ~ ’—barometer becomes steady, usually at £ 

I f f • slightly higl^r level than before the storm. 

( I ( . " —j-. The temperature is usually high before the 

I If m ons^t of the storm, but begins to fall ltfien 

\ \ * th# wind reverses its direction, andf after 

\ \ / J / #> son# fluctuation during the passage of the 

\ Xw/ / / / / 0 • storm becomes steady at a lower level than 

\ w / / / • / iief^re the 4Ho*u. xhtf rain is heaviest when 

/ /*/ / at °rm is 'overhead, and lightning and 

,W /'W ft Amu /A i r /• *thunder %re then nn*t intense, but there may 

/ / / m % he a contimTancc* of rain fbrtome houqp after 

§ / / 7 % « ‘ the storm proper has passed, with no aecom- 

/ % / * parrying thunder and lightning. 

0 ' / The necessary condition for the occurence 

. c « of a thunderstorm m the production of con- 

• * sl'in. 9. vection on a large scale, in air of a sufficiently 

sideways at OA, and climbs up ove*it, giving hi * h ?<*">? t hu T iit / ‘° touring 

* toad'band of rain over the shaded region ? ™ ?°" glaS / 

tn a mu u ii a discussion of upper air data relating to 

to northward of*OA. The cold au; bends *. , • , * # .V , . • 6 

i , * xi .# , thunderstorms? points out thlft m severe 

rouwi in a southerly direction to the west of , s.i . t .u a \ a 


W mAmm 


fouHR in a southerly direction to the west of 
^unJ^attatks the warm current in the 
flank, pushing under it and raising it* giving 
a narrow band of rain, ^hown shaded ton 
the western sid<i of OB. 'file heavy rain 
associated with the* depression should be 
limited t%th# shaded regidhs. Light showers 
may*oo«ur elsewhere, Rut not heavf ^ain. 

’ HelmMolt*, " tlber utmospharische Bewegung,” 
Stteher. K. Pr. Akad. IVtm., 188^ see also Kimien, 
Uatku&eln, chap, xvlil. B; also" paper byiihajje, 
Proc. Roy. Soc. bexiv. 20. r 


thunddfstorms the iiase of tHB thunder-clouds 
is usually betvteen 5000 and 0000 feet, the 
tops attaining 20,000 feet in summer, anj 
15,000 feet in vinter. He adds !hat it appears 
to he a necessan^ condition for the develop¬ 
ment of Jthe^Btorms that there should be at 
least one damp layer as* low as-6000 Teet. 
The higher the humidity the greater H the . 
chance of a thunderstorm. 

* • • 

* See also “ Atmospheric Electricity,” § (2), etc. ~ 
a Meteorological Office, Professional^Notes, No. 8. 





42 . . ATMOSPHERE, PHYSIOS OP THE 

- . - --_----r—- j -': 

Convection on the requisite scale may lie to aseei^J by the upward pusE of convection 
produced by 1 currents from the .ground, andpn such a case 

*(i,) Strong-surface heating of air by insula- th<? resulting convection strengthens the 

tion on clear days with light surface wifi js. effect of the surface convection ourrents. 

(ii.) The overrunning of a warm layer of air Thunderstorms due to convection currents 
by a layer at a lower potential temperature. , produced by*surface heating occur at those 
(iii.) The underrunning of a surface Infer of tinnes of day when convection is greatest, in 
warm damp # air by a colder layer which causes the middle of summer afternoons. m 

it to ascend. * TJie essential condition for the occurrence 

These three causes will be considered in tqm. of convection extending to great heights is 
(i.) Convection due to^urface Heating. —This I that therefshoulc^ be a rapid dccreajp of tem- 
can only be effective when the pressure perature f itb heights *In the case considered^ 
distribution is irregular and the surface wind} above, of thunderstorms on land, this con- 
are light. Instill, sunny weather the air in con- dition is produced by ^eating of the lower 

tact with the ground may in places bo heated j layers* by insolation. The necessary in¬ 

to such an extent that it becomes potentially*] stability may also be produced by the cooling 
warmer than the air above it, with the result | of the upper layers by radiation, and this can 
that it rises. But it is not possible to suppose ! happen above the sea at night, since the 
that instability on a large scale can be directly j diurnal variation of the surface layers of air 
produced in this manner. Any element of j over the sea is very slight, thus accounting 
air which is lighter than the surrounding air ; for the frequent occurrence of thunderstorms 
should rise the moment it is disturbed by the ! at sea during the latter part of the night- 
slightest turbulence. There is no reason for ^(ii.) Overrunning of a Warm Layer by a 9 Vold 
supposing that it maintains its position until j Current.— When this occurs, the upper cold 
a large reservoir of instability is produced ait* is heavier than the lower warm air, and 
and develops violent motions on a large scale, instability results. The u^twald movement is 
It seems rather that convection is first set up j usually started by local irregularities of 
on a small scale, a big bubble of*the warm | pressing and once started it develops with 
air ascending and being replaced by warm Hi;- 1 great* rapidity, producing violent storms, 
dfawn in from around the ascending column, j Over EngJind thunderstorms of # this class 
with a compensating settling ®lown of air fro in J occur most frequently *in conjunction with 
above. The ascending column frill continue ! powerful south-westerly currents in ftie upper 
ty rise sc^ long as it is surrounded by air # <®airrnbove waftn southerly or more particularly 
denser than itself. When the vertical motion 1 ^uuth-easterly* currents at the ground. The 
ceases, the air from the ascending <£»lumn j» heating of $jio surface eurrenfs by insolation 
spreads out horizontally. The convoefion fr«ll is note a necessary feature of such storms, 
attair^very great heights if t*e upper aif is and ai* ifight be expected they oueftir as 
very cold. The process is therefore fhost frequently by # night as by day. Summer 
likely to. occur in early ^summer (May or thunderstorms which /Ificur in cols, between 
Jane) before the upper air lies ittained # its^: two antftytlones, are frequently of this 
maximum summer temperature. If the elas^ • * p t 

ascending air is very daifp it quicker reaches*! (in.) Unde thinning of amVunn Current by a 
its de\y point, arifl a cloud is formed fly eon- Cold Current. —Iy this case the underrunning 
densation. The cenvection column and the •cold # current * causes the warm current to 
cloud are carried forward by the general t ascend. This forced convention may only 
current of air above, and in consequence the produce cloud, or it ‘may bo sufficient to 
indraught of warm air Js chiefly from the produce tjiund^storms. Muon of the rain 
front, while the cold air from above settles associated with the passage of the trough of> 
down* ,in the rear of the ascending column, a depression may be ascribed to this cause. 
The rise and descent of air, onefc established, a cold \lbsterly or n< rth-westerly # current 
will be self-perpetuating so long as a supply' undercutting the warmer south - 
of warifi surface air is available to reflew the current *}>f the sou|h-eastern quadrant oj^thev, 
ascending branch. It should flie not#! also j depression. This appears to l)e j.he gfujesis of 
that instability can«be<produce«l when a layer j coastal thunderstorms frequently produced lty 
saturated air (or a cloud) i* below a layer of j th<^ paiHag# of troughs of depressions, in late 
ary air, and the two strata are lifted bodily, j summer and autumn. In slow-moving de- 
The lifting causes the upper layer to co<fl at j pressions the south-we^erly current is also 
the dry adiabatic rate, while? the lower cools frequently very #yld, and it yiay produce 
at the saturated adiabatic rate, fte. ttie ifpptr thunderstorms by umjprrunning tfle warm 
layer ^cools nearly twice as rapidly as the south-easterly current of the front^of the 
lower, so that a stage of instability is soon depression. Thunderstorms of this fclass are 
attained, leudirfg to violent convection, not usually vewy violent, but occasionally * 
Strata of unequal humidity may be caused vioieifb storms occur near the centre of a 



depression. T$ey may occur at nigtyt or by 
day, in summe* or winter. * 

In the ascending current of air, producer? in 
any one of the three ways considered above, 
considerable condensation # must occur at 
relatively low levels. The drops oP water 
are held up by the ascending current if ffche 
velocity of ascent is sufliciently great, 
j^enard 1 showed that an ascending cufent 
of 8 inetres/sec. would proven t drops of any 
size frorfe fallpig, wh^le a ^tronglr current 
•would carry the drop, upward.% Lenard 
showed that drops have a limiting size, beyond 
Which they become ^instable and Jjreak into 
smaller drops. The upward current ft) the 
thundercloud is not steady, but blows in gusts 
and lulls, so that the drops of water may rise 
and fall repeatedly, coalescing and breaking 
up again through collision or instability. The 
drops which get to the edge of the ascending 
current or reach the head of the current and 
spread out horizontally with it fall to the 
ground, giving the heavy rain of the thunder- 
squall. Simpson 2 showed that the ascending 
current of the fjont of the storm is a sufficient 
mechanism to account for the large amount of 
electricity whiqh is separated in the storm. 
By means of a series of experiments J^impson 
showed that each time a drop breaks up, Uio 
air takes » negative^ charge andtthe waver 
drops .a • positive charge. The process of 
coalescence and redivifjlon of the drops there¬ 
fore produces an increasing chajj^ of positive * 
electricity on the drops, the charged drops? 
combining with facility t o form .large drops. « 
Simpson showed that the process was tapablg 
of p&ducing charges quantitatively* of The 
order of those which^ho measured at Simla-. 
The negativ^ charges which are pjeswmably 
in the form of free ions \ylf be carried 
upward with the «fufl velocity of the ysir^r 


ATM6§?HERfi,' PHYSIC^ OF THE 


4a, 


drops of water attaining this level will b$ 
frozen immediately, and will gather a coating 
of sfow or ice in any further wanderings. If 
later yft an incipient hailstone gets into a lull 
in the upward current it falls down and may 
iagain get into* the region of raindrops, where 
it gathers a coating of water.* If it again 
gets into an upward current it it lifted into 
the region of snow whete the coating of water 
is frozen and a fresh layer of snow added. 
The process may be repeated over aitd over 
again? until the hailstone gets out of reach 
^f the ascending current, or becomes too big 
to be held up. Jts structure, consisting of 
alternate layers of ice and snow, testifies to 
*118 history, and at the same time affords 
a convincing proof of the existence of 
strong ascending currents in the thunder¬ 
cloud. 

Photographs of lightning taken with a 
rotating camera show’ that it consists mainly 
of unidirectional discharges. The path of the 
discharge is built up piecemeal by progressive 
ionisation, beginning with a small branching 
spark, followed in a ffmall fraction of a second 
by another which is somewhat longer, and the 
process continues until the main line of the 
discharge built up. A photograph of a 
of lightning hears a close resemblance 
to a map showing a river and its tributaries. 
r Jhe accumulation of a large*amount of elec¬ 
tricity in a iffnnll space which is incidental to 
,the passage of lightning, produceg a strong 
repulsion o^ electrified particles, so that a 
compassion wave of air of explosive violence 
is#f?rod{?eed, followed by a wave of rarefaction, 
siuftceded by #vaves of less intensity* W. 
Schffiidt showed that only a very small part 
of this energy takes the form of audible waves, 
^jo J,h at w# h#ar only a very small part «of 
thunder. It may be noted that lightning 


current, and wfil dffon outstrip The positively Laffects yjreless apjmratus, and a directional 
charged drops. These fre* ions •must he ' wirelesl set* can be adapted to detection of 
rapidly absorbent bv the eloud*partiele% and # j thunder torms. By the use of a number of 
the charged ^jops rrypidly combine to form 4 directional stations it has been found possible 


largo drops, # giving a considerable rainfall 
The^ negatively charged dnfps vigil be dis* 
•tributed through The eloud-eap over a con¬ 
siderable region outside the zone of the 
icendiag currents, and will gm> a 


yt scend 


to follow the course of thunderstorms fq^long 
distances. a 

Tlie rapid drop of temperature noted at the 
onset (d a thunderstorm is in large part to 
be ascribed to the evaporation of the falling 


ui rain tfcan the positively charged #rain. The descending current of air which 


•dr$ps, which on account of their *intin*it< 
coftneotion >’ith the ascending currents tend 
ff) give the heavier rain associated with the 
front of the storm. • 9 m 

The formation of hail iff !• thunderstorm is 
in itself a proof of* the existence of strong 
vertical curtorfts. If tht* cumulus cloud is 
suffieigpfly high the •ondensation#n»its upper 
region will be in the form of snow, and any 

1 Mel. Zeitichrift, 1904, xxi. 2A9-2C2. 

* Phil. Tram. Roy. Soc., 1909, oeix. A, 379-443; also 
Phil. May., 1915, xxx. 1. 


-tt.les Tlowff ff> till the place of*the dieending 
air isff dynamically warmeff; and is below 
saturation, soethat itss capable of producing 
consictesable evaporation of the falling rayji- 
drons, its own temperature * being reduced 
thCTeby. 

The rapid* rifb of barometer noted at the 


the rap] 
seV or a f 


storm is probafily due chiefly to the 
interference with the horizontal flow*of air 
produced by ffiction between the thunder¬ 
storm gust and the ground. **0ther factors 
contributing to the increase of pressure would* 
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be the vertical wind pressure due to descending 
air, the lowering of temperature, and the 
increase in absolute humidity. fj, 

t 

Atmosphere, Pressure of : f • 

Methods of*measuring. See “Atmosphere, 
Physics of,” § (1).# 

Variation with height. See ibid. § (2). 

ATMOsfHERK, STANDARD: a unit of pressure 
employed by the pfiysicist, defined m t^e 
pressure duo to the weight of 7(»0 mm. 
mercury at 0° 0. and at sea-level in latitude 
45°. See “ Barometers and Manometers,” 

I (2) (il). 

ATMOSPHERE, 
THERMODYNAMICS OF THE 

I. Introduction 

§ (l) The Atmosphere as a Heat-engine.— 
From the thermodynamical point of view the 
atmosphere may bo regarded as a heat-engine, 
or an assembly of heat-engines, of vast dimen¬ 
sions, of which air, containing more or less 
moisture, is the working substance. The 
ordinary cycle of a heat-engine comprises u\q 
^ transfer of heat to the working substance at 
high temperature from tho source, the redut? 1 j 
tion of temperature by expansion, tho re- ! 
transfer heat from the working substance J 
u ^ at low temperature, the elevation, of tempera¬ 
ture by compression, and the performance of 
worV in the course of the completed circle. *■ 
Reading in mind the several stages of ^he 
process of the reversible cycle of an ffieal 
engine, the place of the cylinder or chamber in 
, s*. which the working substance u#» eiftlosed, %nd f 
' that of the piston by which mechanical work is 
done, are both supplied by the environment of • 
the working air. The environmeftt, of itself, 
forms, effectively, a«i clastic piston : after tho 
air has left the ground there is no diqpct it 
com limitation of heat from outside except i 
by radiation, and the transference of heat by 
conduction or molecular diffusion between the 
working substance and its environment is so 
slow that we may regard the changes in tho 
mixture of drv air and moisture whic^h con-^i 
statutes fhe waking substance fkking place 
under adiabatic Conditioner except in so far 
as the duration of* tho* operations is t long j 
' 6ry>ugh for the effects of radiation to‘become 
Important. Bu\ the dry air regarded setyar- 
, ately may appropriate the latent heat of any 
- water that is condensed and diseased, so £hat 
the adiabatic conditions have to be interpreted 
cautio&ly. 

The essential difficulty of the general problem 
is, in fact, tc** Specify the conditions for tho 
-transfer of JieQt and performance of work in ' 


» •• -< r /•*' , ' ■ 

i tho atn^sphere in such a form as to bring the 
quantities within* the possibilities of compu¬ 
tation. - : 

We know of places where heat pisses be* 
tween the air an^ the surface of land qr Sea, 
and w#know that, tho process of radiation into 
spdie disposes of a large quantity of heat from 
all parts of the atmosphere. Some of it rgay' 
havf: been contributed locally by direct radia¬ 
tion from the sun,* but the loss is only com¬ 
pletely compensated \yhen th? hea# deriving 
indirectly^from the Cun through the agency* 
of warmed land or water is added. We-Are 
unable strictly to identify tho air which gains 
heat one locality with that which previously 
lost heat, or will lose it subsequently, in 
another. If we wish to deal numerically with 
the processes we must first como to some 
understanding as to what the cycle of opera¬ 
tions is. 

Regarding the atmosphere as a whole, the 
transfer of energy either as heat or work^rom 
a ^elected portion to its environment is only 
the redistribution of energy between tho 
different parts of the working^ substance, and 
tho problem reduces itself bo considering the 
transfer across the boundaries; and in this 
aspect tj?e heat taken in is made up of: (a) 
th^ balance of heat communicated from the 
ground, orHhe sea, to tljp air whidh lies upon 
them or moves over them ; ( b) the Balance of 
gam and loss by radiation from sun to earth 
' anti from eaijff} and air to^pacc. The difference 
t>f these at any time is accounted for by the. 
variation in/he kinetic energy of the winds or 
^he wolk done thereby : but in the lonj; run 
the c toUf& thermal effoci is immeasurably small, 
and the solar energy wh^ch passes through the 
atmosphejjp pimply maintains tfye status quo 
ante. We canjiot deftly therefore, with the 
rfllatioif between heat and «,vork by regarding 
tho whole atmosphere as a iffiit/ Meteorological 
literature provide# only a general equation for 
'balance of radiation, and tli<\ distribution of 
temperature incidental,thereto (§ (11)). The 
dynamical effects, which are patent to all, and 
are by cqpimort consent ^attributed to^the 
heating produced by the sun combined with* 
the cooling by radiation into space, are de¬ 
pendent upon tho differential treatment^pf* 
different parts of tho atmosphere. T<^5rmg 
thcfprocess under computation we must Gwp»* 
pose a portion of air to be isolated afW tracg,, 
the thermal changes which it experiences. 

T 4 then, ife regard the phenomena exhibited 
by separate inasSffs flf air we Ijave no difficulty 
in finding evidence of alfr the separate stages 
of tho thermal cyBie of a he^t-t>ngyie. We# 
know th£ft#air is warnffid by contact witlr 
warmed solid or liquid surfaces, and tjat it ift 
cooled by contact with cooled surfaces. Web 
may ajpo supposed at it is warmed andcoo&d' 
by its own absorption of solar radiation and 
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fev rafiktiV'o emission" 'of its own enqrgy re- 
spocttvoly. tfioi^h^fltcatirtot assign any vejry 
satisfactory numerical values to the experience 
of any particular, specimen. The dynamical 
CSecta which represent the w^rk done by the 
working substance as the result of the tnermo- 
dynamical operations are represented by yho 
valuation of the kinetic energy of the wifids, 
wiiioh are capable of doing a vast amount of 
useful work on sails and windmills, and still 
more ob\%uslj» .display on accaaiols a good 
teal of destructive energy" There is f constant 
dissipation of the kinetic energy through the 
formation of transient eddies due *n surface 
obstacles or to effective discontinuities arising 
from the differences of motion of adjacent or 
superjacent layers, ultimately lost by viscosity. 
But a considerable amount of the kinetic energy 
is conserved in the form of the main air currents 
of the globe, or in the form of cyclones and 
cyclonic depressions, which differ from the 
tranaont eddies in utilising favourable con¬ 
ditions to maintain their form, structure, ago 
a large part of their velocity for days or even 

weeks. • a , . , 

In s<»far as the general circulation, or the 

local ciroulatiows, aro permanent, we .may, if 
we please, assume that they require a certain 
supply of energy for their maintemano<f ayd, 
failing anf such, tint, they wlfcikl decay 
rapidly; Tnit presumably not nearly as much 
is required per unit of'energy ijjaintainei^ as 
, .....ww.Krxrl tn. maintain 


hydrogen thermometer and with the absolute 
thermodynamic scale; it is, however, not 
■stritely speaking “absolute,” and therefore -.: 
to av»id misunderstanding it is desirable tq,- 
have a separate name and a separate notation 
dor it. FollowiAg the practice of tho Computers - 
Uandiook of the Meteorological Qffve., we shall 
call it. the “ tercentesimal scale,”*and denote 
the temperaturo on that scale liy the unit ■ 
i symbol a without any sign of degrees. The 
chief advantage of thegiame is that if is not 
uJe d tor any other purpose, and is therefore 
I*)t likely to cause confusion. The algebraic 
I symbol "for temperature on this scale will 
' ijo x. 

"in expressing pressures wo shall follow the 
practice adopted by the Meteorological Office 
from the commencement of observational work , 
upon the upper air in this country by using 
1000 dynes per square centimetre as the 
working unit. In this article, as in the 
practice of the Meteorological Office, it is 
called the millibar. 

A cube of air 10 metres in the side weighs 
about 1 -2i> metric fins. In summer on the 
average in this country it would contain 10 
kilogrammes of water-vapour, and would 
simply water enough to cover the .base of the 
siibo with rain to the depth of 0-1 mm. _ 

All the water except 03 gramme per culfto 
Aotre could be extracted Tiy reducing the 
, temperature to 222a, by elevating it to about 
#11 (HR) metres, where the pressure would Jje 

r ’ /> • .ii._4-xx o Titos 




at any timo at the edge of a cuff in the fane of 
a strong wind. It draws its energy persTstentlg 
from tho wind, and ceaees immediately when 
tho wind drops. • • 

Another o& the familiar expertises' of the 
thermodynamic operqfions of ihe atmosphere 
is the formation ogclouds and t,|e fall ofsraifl 
and from these* vM may conclude that con- 
voction is operative in thofetqios^iere on a. 
very l*rge seal#; for rain is now regarded 

produced almst. exclusively by dynamical^ . )0wer . hour . And 

cooling duo do the reduction of temperature | joules, ®°ut a million hor .^ ^ ^ 


c:8rfesiKm<l with the desiccation of a colun*n of 
air 100 metre# high and no more. W# have 
to consider whether such a process may be 
regarded as natural. One millimetre of ram- 
Lfaliover a fquftro kilometre represents a million 
kilogrammes or a thousand metric tons. The 
(lynauik*! equivalent of the thermal energy 
set freo hv" the condensation of wateg to the 
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op ^eduction of itr ossurc - ***e reduction t* 
'pressure is for the most part attributed to the 
increase of elevation ; rainfall caj therefore 
Jj^jggAded as definite evidence of ascended 

UNITS OF MeASURBMENT AND t*HYSfcAI. 

S ohstTStts Tor 1)RY Air and Mixtures of 
ib and Water-vapour. —Wc reiparjj at once 
that the numerical values of tho quantities 
with, which we are concerrfed*iii any discussion 
Qf tlje practical aspects of thermodynamics 
are very^arge. " 

(FonmieteorologicalVork the mo* Amvement 
■ scale oVtomperature is the scale of centigrado 
degrees,^measured from 273° below the normal 
* freezing-point of water. Tor all pgactieal 
purposes this scale agrees with the scale of the 


is*! extent of a millimetre of rainfall over a square 
»14 kitemetre is 6 x 10" thermal units or 2-5 x 10 
joules, 4bout a million horse-power-houra And 
as the practical unffi of area for tho fall of ram 
may be regarded as a hundred kilometres 
square?the energy with which we have,to deal 
l in the ordinary way is of the order of ten 
f thousand million horse-power-hours. It must 
be rememhlrSl that when ramft.ll is produced 
energy to the coSrcspondinf extent must lx* 
disposed of. Mt is* tot* uncommon to fand 
suggesttons that air may bo “ jupersaturate^ 
beiirc rainfall. There is no evidence m support, 
of the view, but even if it wore truo the. dis¬ 
posal ofethiVnergy is not ^voided; it must have 
taken place in order to produce the^super- 

saturated air. ’ ’ ; 

The propertiA of dry air ajui of water-vapour 
and of mixtures of the two undBr various con¬ 
ditions of temperature and preasnre are familiar 
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subjects of physical. investigation into the The ^properties of air containing various 
details of which we need not enter, but it will amounts of moisture upon wRich we rely for 
He desirable to give the numerical rosults which numerical computations are set out in, the 
for meteorological purposes must be ex» ended following Table I.: 

T^pLE I#' ' f 

Table pv Physical Constants for*Dry Air a^o MixtiRie of Air ani» Water-vapour 


TemjXTature 

Tercentesimal 

fjeale. 


Saturation 

Pressure. 


Density of 
Water-vappur. 


Tunperature 

Tercentesimal 

Scale. 


Saturation 

Pressure. 


Density of 1 
Water-vapour. 


41014 
385 73 
354-58 
325-50 
208-02 
273-50 
250-31 
228-77 
208-81 
100-30 
173-32 
157 -50 
143-00 
120 71 
117-510 
100-202 
05-040 
80-512 
77-883 
70-008 « 
02-831 
50-208 
50-303 
44-970 
40 008 
35-080 
31-704 
28-114 
24-885 
21-084* 
10*384 
17-057 

14 -ofo 

13-127 
" 11-470 
10-017 
8-721 
7-57^ 
0-505 
0 100 
5 0201 
4 7000 
4-0327 
3-4004 


205-1 
180-2 
171-3 
100-5 
147-5 
135-5 
124-2 
113-8 
101 1 
05-11 
80-77 

70- 10 

71- 00 
m 05-30 

* 50-34 * 
53-T5 
48-02 
43 03 
30-01 
35-07 
32-00 
28*7 
2;i-78 # t 
23-00 ® 
20-58® 

18 34 
I 10-32 
14-48 • 
* 2 83 
tl *15 
’ 10-02 
8-821 
7-751. 

4- 708 

5- 047 
5-103 
4*847 
4-482 
3-820 

t 3 <100 

2-V0 


250 

248 

240 

244 

242 

240 

238 

230 
234 

231 
*3 (f 

V 228 # 

224 

\ 

220 , c 

218 

210 * 

2W 

* 2U • 

210 

200 • • 

► 3 4 


•205 
•100 
133 
•107 
•0855 
•0080 
0,538 
•0425 
•0333 
•0200 
•0203 
•0157 
•0120 
*0003 ** 

•0070 

•0053 

•0030 

•0030 

•002-25 

•0010 

•0012 

•000#7 

•00<M>4 

•00045 

•00033 

•00023 ° 

<HX)1G 
(XKU1 

.(KJOOWPrf** *’ 
■000053_ 


K 0 t e _Xho values of'satRritlon pfrssure Jrctfn 204a to 350a are taken from the Smithsonian Meteorological 

Tables 10tx ami converted from millimetres to millibars. _1 mm. —“333224 mb. From 180a to 202a the 
fdfumla = c n + 0-632 (1 - -00035f)(t/T) is used where e is the vapour *ressuro and t-= T-273. the 

values fbr the density are computed from the torir«la A = -G22e/(RT), where R—2-870. 

to temperatures below the ortiintyy ^mit^ of We add some o?hor constaRts*fo^ air and 
experiment, because* the temperatures of thfc water ancte\t»tor-vapour which will lie required 
atmosphere range from about 180a to 310a, in the course of the work : • 

and the necessary extension *>f thermal lines 

which wo actually use carries our tables to Denwtyof dry airfct 1000mb. and 290a ~ 1201 g/ra . , 

Si>ccinc heat of dry air at constant pressure = *2417. ■- 
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■« • 

Specific heat of dry air at constant vohitny="17l5. 

Ratio of the spjoific heats, •y *=1-40. 

The constant for computing potential temperature 

{ y~i)i r ~m. 

Specific heat of water-vapour at constant pressure, 
•4652 at 373a. • • # 

: Specific hoat of water-vapour at constant volume, 
•340. * / 

Specific heat of water, 1. t 

•Spccifio heat of ice at 260a, -502. 1 

Latent heat of watcr-vapour*at tem])eraturc 273a, 
Wi cal. % . - • • 

% Intent heat of water-vajKllr at tempenlture 373a, 
539 cal. 

Latent heat of water, 3$ *77 cal. 

1 cal. 4-18 joules. • 

Tte weight in grammes of water which satu¬ 
rates one kilogramme of dry air at temperatures 
between 180a and 350a is given in Table IV., 
and the constant R/ of the characteristic equa¬ 
tion of air with different quantities of water- 
vapour in Table V. § (20). 


condition of rest which is certainly much 
further from actual truth and which would 
require the solution of the problem through 
an infyiity of ages to arrive at the conditions 
as we find them to-day. 

# In order to keep a natural sequence in mind 
we may begin with the distribution of tem¬ 
perature over the surface ( Figs. 1 do 4) and in 
the upper air (Table 11.), and follow it next 
with the distribution of water-vapour (Fig. 
5), because those elements represent tRe store 
o4 thermal energy in the atmosphere. To 
f^icse we add a representation of tho distri- 
1 bution of rainfall (Fig. G) as an index of the 
activity of convection. We can then proceed 
To the distribution of pressure (Fig. 7) which 
is controlled by the distribution of temperature 
and so pass to the distribution of kinetic 
| energy represented at any moment by the 
winds. We leave the maps, with the explana¬ 
tions which accompany the pi, to speak for 
themselves. 


• § (4) General Circulation and Local 

II. The Facts which call for Exvlan*- Circulations.— The windB corresponding with 
tion : the General C irculation and distribution of tiie elements representing 
the LoCAL^GidCULATiONS the average conditions may be referred to as 

§ (3) Sketch ok the Distribution of the the general circulation. On the other hand. 
Meteorological Elements—Temperature, each cycleyiic distribution of pressure has a 
Moisture, Rainfall, Pressure, and*W*nds. c^ribution of related winds which are sufh- 
—We may j^gard the whole sequence of events cientl^ similar to a selected type to justify 
in the atmosphere as part of a continuous j classification according to types, and appllea¬ 
ther modyn am ie process^ to which the kinetic ; tion of geneitl thermodynamical principles to 
energy of the winds belongs, and*of which The ^the types. The typical circulations which 
direct transference of heat to aifd from the*! are thus indicated may be c,filed locSl 


atmosphere arc •essential steps, involving the 
consecutive changes in the distribution of 
tempetature, water-vapour, pressure ai*d wtm? 
that provide the weather for e^pry part of the 
world. It will be useful briefly to review the 
facts which hflve been elicited by T> Nervation, 
classified in such agnrfhner as tf represent th# 
general subject fron#the thermodynamic point 
of view. ^ # 

Wo not propose to startfrom jest." 
We have jio information as to any primal 
condition of rest from which tho whole sequence 
started, nor nied wc seek any # W^ may takq 
instdld as our (Standard of reference the 
“ normal ” distribution obtained by combining 
mean values of the elements dereved from 
Utilisations of standard type extending over 
series of years. It would, of cturse^be 
unjustifiable # to base any rigorous course of 
reasoning on the supposition that the dis¬ 
tribution of mean values exactly* represents 
the most frequent or any r type of actual 
distribution. The distribution represented by 
averages may nftver have ^curred at all, and 
may ind&d be an impossible sit^t^ion, but 
still it^-ill be convenient to have it in mind, 
and regftrd the actual condition at- any time 
as representing departures f^m mean values. 
It is better to do so than to assume an initial 


. circulations. It is desirable to consider these 
! s(^>Tratfly. # 

(#bnfinmg oqy attention, therefore, i’^r the 
present to the general circulation, the sequence 
of cause and effect seems rational if we*considcr 
theoreneral#m<fi of the distribut ion of tempeja- 
ture due to the radiation received from the sun 
# on the on£hand, and^he equal loss by radiation 
into splice <*n the other, to be the first stage. 
These vary slowly with tly? seasons a^d may 
j^bo subject to slight temporary variations be¬ 
tween <Uy and night, from day to day, or 
from year to year, bgt in their general futures 
they are permanent. The distribution of land 
and w^er, which is also permanent, governs 
certain featifres of the distribution of tem¬ 
perature and also the distribution of water- 
vapour* by evfoich vast quantities of 4ieat are 
transffrred tit th^ atmosphere in a latent 
form. • * • * 

Ralhdupon tl^ distribution of these elements 
at the surface, we can recognise the main 
features of the distribution of the same ele¬ 
ments in th* i^iper air so far as our know- 
l%d$ A'teifds. For pfesent purposes we 
may regard the level of 20 kilometres as 
the boundary. « The figures for temperature 
at successive kilometres df li^ight are set 
out in Table 1L 
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'w. A—IlEAN Temperature op the Air # in the Southern Hemisphere. • 
Isotherms for Intervals of Ten iDegrees lAHRENHRir. 

• • • 

Temperatures over the land luflm beep reduced to sea-level. 

Isotherms over land are pic fted independently of those oyer sea. • 

The modified shadingmf the sea in the polar region, shows the probable range of ice. between , 

* \ summer and winter. * 

» « • 

SOUTH ERN HEMISPHERE 
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/ / * /- 
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Equivalents below Freezing-point. • # 

o f. a. °F • Ifcr * g 

-50 2274 I «0 255-2 j 

-40 . 213-0’ [ 10 «*>08 TITT.V* * 

-30 238-0 I SO 2(16-3 • • JULI 

-20* 244-1 ! 30 i 271-9 


• * 

KiytivalenU above Freezing-point 


0 F. 

a. 

, K. 


273-0 

70 

I* 4? 

277’A 

80 

!; 50 

2830 

90 

' 60 

• 

288-6 

100 
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Fia. 5.—Temperature of Saturation or Dew-point. 


Vapour pressure has bcten reduced to ^a-level *>y the formula e 0 --e h (l + *00047/), 
( ' wliere h is in ^letres. 

r NORTHERN HEMISPHERE * 


: <9o 


v / ■ 






v \r- o 


4>„ / ?4s\ \ \ \ 

B9&N ^ ( V^OO y?' 'J 

*! -(Lka 

: j Wvl' - j''/ # A ''toy j 

■—/-/sot, 1 

■ > j* 


0 


Pressure oftAqueorts VCpbur and 
Density at Saturation, c 

Dew-point. Pressure. Density. 


Pressure of Aqueous Vapour and 
r - Density at Saturation. 

Dew-point. Pressure. Densit 











Equivalents. 
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Table ii 


Temperature in tiie Upper Air (in Dkork§s of the Tercentesimal Scale) 

Black type signifies a region in which the lapse-rate of temjxrature is zero [approximately) or negative. 

* * > 





• 

-1--- 

Summer. Lat. 45° to 90°. 



• 



M'Murdo 

Arctic . 

Kiruna. 3 4 

Pavlovsk.-* 

Ekaterin- 

T. 

| 

| 

England 


Pavia.? 

Height i 

Sound.* 

Sea.'-* 

. Lat. • 



Lat. 



•Lat. 

kin. 

Lai. 

Lit* 

W N. 1 * 

59" 41' N. 


55" 45' N. 

Approx. 


45" 11' N. 


7b°H. 

77“ N. 

(7 Obs.). 

(19 Obs.). 

# (3 Obs.). 

(lOOts.). 

5 T N. 

w 

(15 Obs.). 



t 

1 







• 20 



(August) 


• 



224 


19 








223 


18 








223 


17 








222 


Hi 








221 


15 








221 


•u 



225 


225 


222 

221 


HI 



222 


225 


222 

220 


12 

. » 9 


222 

225 

225 

223 

222 

220 

219.S 

11 ‘ 


221 

224 

225 

224 

223 

222 

223 

223 

10 


218 

228 

227 

223 , 

220 

220 

228 

229 

9 


224 

235 

•23* 

. 229 

231 

233 

235 

237 

• 8 

# 

233 

243 

230 


2'48 

240 # 

242 

244 * 

7 


241 

250 

243-5 

245-5 

• 240 

247 

250 

251 

(i 

228 

, 248 

- s i 

2?0-5*, 

253-5 

253 

254 

257 

258 

5 

2:w 


203 5 

• 

25 1 

T 

• 200 

201 

203 

205 

4 

241 

201 0 

2*1 

203-5 

• 20% 

200 

207 

209 

270 

9 

240 

-’F 

273 . 

, ■.tin • 

• 270 

•»7>) 

273 

274 

af« 

• 

2 

252 

,273 

•278 

275 

*277-5 

278 

278 

279 

283 

1 

• 259 

2*4-5 

28$ • 

281 

284-5 

, S84, 

283 

285 

289 



• 

• 


• 




• 

Surface 

1 

278 

L*i 

• * 

288 , 

2«4 * 

291 

289 

288 

293 











level 

J 

• 

_«- 

• urn 

• 

• 

-• 

•2(iS kin . 


• 


m Surf<tce 


1 British .tuturetie Expedition, 1910- li)13, Meteorology, 0 sufimior ascents, ii. 281—calculated fnyn mean 
§ Iagsc-rate. # * • * • 

» Jteitriige zur Fhysik (ter frtien Atinosphiirc, Band vi., ” Acrologisclie Studlen im arktischen Sommer,” 
II. Hergesell. p. 219. % • # 

M > Summaries by 11. II. Hildebrandsson, GeogratUka A mailer, 1920•Haft 2. 110. For original observations 
at Kiruna see Sondages aerie ns a Kiruna, 1907-9, 11. Maurice. Nora Acta Soc. Beg. Sdent. Ups., 1917, 

IV. iil. No. 7 • , » • 

4 Meteor ologische Zeitschrlft, 1911, xxviii. No*l, 1-1(5, by M 9 llykatiiiew (junior). Tajjle 5. 

• # 8 The Characteristics of the Free Atmosphere , by VV. 11. Dines, M.O. 22<H\ p. 51. (Means for June, July, 
August.) , * 

• Summaries from Humphreys, Bhysies of the A ir, p. 51. From average lapse-rates of temperatu^f at 

Trappcs, Ucele, Strassburg.^IiJiie.h. 

1 Meteor ologische Zmtsehrift, 1911, xxviii. No. 0, 201-20* by Dr. A Wagner. 
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Table II {continued^ i - fc ' 

Temperature in the Upper Am f (iN Degrees op the Tkrckntesimal Scale) 





Omaha, Indianapolis, Huron, Avalon.) < ^ 

. * Annul* of the Axtronomir.nl Obserratot,/ of Harvard College, lxvili. Part. I. 08, c 

* Beitrilge zur Phyxik tier freien Atmoxphdre, 1012, Jj.ml iv. “ Tcmporatur- und Dructygefalle in grossen 

Hohcn,” by A. Pqoplor, p. 22. c- # . m/m 

• Summaries by 1^, H, Ilildebrandssd.i, Oeoarv r ix1ea Annaler! 1920, Haft 2, 110, * • ( 

4 KoninJdijk Magnetixch en Mheorologixch Obxermtorium te Batavia , 1010, by W. van Bemmelen, p. zf. 1 
The summer values are itfearfa for December, .Taryiary, February. 

7 ASrgehnuse der Arbeitm dex K. Prhixs. Aeronaut. Obs. bei Lid lenberg. liericht iiber die aerologixchc Expedition 
nach Oxtafrika im Jahre ISOS, by Arthur Berson. (Calculated from table of K.psc-rates, p. 70. Observations 
from July to October.) < 

l» , ,, ( •» t . 

Note.— The observation* from which the ra«,n vUu^s over the North Atlantic were obtained are giicn in 
Travaux xe.ie.idifi.quex de I'Observatoire de MtUorologie, di,uami<\ue'de Trappex, 1000, iv. Paris. ° 

t ‘ . 
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I 'T/?blk II [continued) 

Tempera Tit Rio in the Upper Air (in 1)egrises*of the Teroentesimal Scale) 


■87 


Black type signifies a region in^which the lapse-rate of temperature, is zero (apjrroximately) or negative. 

' * * _—. 




<$ 

Winter. Lat. 0° to 

5°. 


♦ 

1 







• Height 
km. 

Victoria 

N^anza^ 

i\t. 

Batavia. 2 

Lit. 

0° 8. 

St. Louis)'* 
Lat. 

38° 38' NT 

States.-* 

♦ Tj!lt * 
Approx. 

Canada. 5 

Lat. 

43" N. 

Height 

km. 




9 

40“ N. 



20 

195 

• 

203 

. . » 

219 


20 

1!) 

196 

200 


218 


19 

18 

197 5 

194 


218 


18 

17 

199 

189 


218 


17 

10 

203 

192 


218 


10 

15 

207 

198 

211 

218 

215 

15 

14 

211 

204 

• 211 

219 

216 

14 

13 

217 

21 1 

214 5 

220 

217 : 

13 

12 * 

223 

220 

215 5 

221 

217 

12 

M, 

230 

228 

217 

222 

216 

11 

10 

238 

237. 

221 , 

224* 

219 

10 

9 

245 

4>4r, 

* 220 * 

♦ 228 

223 

9 

8 

252 

253 

231 • 

234 

5211 

8* 

7 

0 

259 

• 205 

258 
*0 205 

. 240 

• % 

^4t» 

240 

247 

237 

244-5 

0 

5 • 

270 

271 

255 

• 254 

251 

5 

4 

3 

270 

* 27(1 

201-5. 

•till 

258 

4 

482 

982 * 

* 200 * 

205 

•205 

3 


• 2S8 * 

288 

270 

270 

209 


*1 

*289 

• 2i3 

272 

271* 

, 27 J 

1 

Surface 

• 

^ 39(1 

* 299 

• 

• 

274* 

■pi 

272 

\ Surface 

• or sea- 

or sea- 

level* 

j | 1-171 Art. 

• 

ft 

•/«/ km. 


•J km. 

J level 

• 

I__ 

_ 

1 _#_• 

1 -- 


-_J 


■ Braebn i»« < l» A rbeitn, </,. K. Prnm. Aeronaut. Oba, M Linde,Aera Rericht fihj .lie aerologisehe^pedHim 
ngchcitafrika im JahmUK, by Arffiur Jtftson. (Calculated from table ot hiw-rates, ]>. .b. Observations 

^•VonfaWtj* Mavndwrh en MeteorologUtsh (Hmrmtmium te JIulTirur, yuo, by W. van Bemmolen, 1). 2i. 
Th^win ter* values are means for Juno, July, August. w 
^Annals of the Astwnomieal Observatory of Harvard Co,Woe, lxvm. Part P <"- • # p 

Weather Review, J.«i. ISIS, vIvl.-No. V 11-20, (The value* the means for the stations tort 

Part I., by J. l-utterson, Ottawa, mCv. M, (Means for December, 
January, February.) * * 
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Table 11 (continued) 


f: 


Temperature in the Upper Af (in Degrees of the Tkkckntesimal Scale) 

< 

Black type signifies a region in which the lapse-rate of temperature^ is zyo ( approxinuitely) or negative. 


Winter. Lat. 45° to 90°. 


Height 

km. 


20 

19 

18 

17 

1G 

15 

14 

13 

12 

11 

10 

9 

8 

7 

G • 
5 

4 

3 


Surface 
oj ( sea- 
level 


Lat. 

45* 11' N. 
(15 Obs.). 


206 

207 

214 

430 

237 

245 

252 

259 

204-5 

270 

273 

274 

| Surface 


Europe.* 


215 

215 

215 

215 

216 
216 
216-5 
.217 
216 
216 
219 
223 
229* 
230 
244 
251 
258 
204 * 
209 
2*/2 


England.-' 1 

Lat. 

Approx.* 
52" N. 


216 

216 

217 

217 

*j20 
224 « 
230 
237 
244 

' 250 « 
257* 
203 
207 
•271 

2 * 6 . 


Lat. 

5»‘ 45' N. 
(G^)bs.). 


214 
213 
t 214 

*219 

• 225-5 

2H 

247 

• 253 ^ 
258 
203 

t 265 

2*3 


Ekaterin- 
bourf.s 
La*. 
57" N. 

(5 Obs ). 


210 

312 

21G f 

223 

232 

239 «* 

240 
253 
*>5£P 
205-5 
26* • 

i 

265 

•2(if km. 


Pa tlov.sk.4 
* Lat , 

59“ 4r N. 
'16 Obs.). 


217 

217 

218 
219 

229 

230 
243 
248 
254*5 

200 i 

203 ‘ 


Lid.. 
0S° N. 
(23 Obs.). 


M'Murdo 
rSound.u 
Lat. 
7«° 8. 


214 

218 

216 

2^4 


220 

232-5 

239 

1544 

251 

250 

259 

264* 

254 

<)•!> km. 


30 

39 

243 


* Mete.orologische Zeitschyft, 1911, xxviii. No. 0, 261*205, by Dr A. Wagner. 

* Summaries from Humphreys, Physics of the Air, p. 54. From average Iapse-ftites of tempera#ire ft 
Trappes, Uoele, S trass burg, Munich. 

3 the Characteristics of the Free atmosphere, by W. H. Dines,lAI.O. 220e, p. 54. (Means for December, 
January, February.) 4 ‘ 

* Meteoroloyische Zeitschrift, 11U1, xxviii. No. 1,^-lG, by M. Kykatchew (junior), tyble 5. 

* Summaries by H. II. Uildcbra^dAon, (Jeografiska Ampler, lt>20, Haft 2, 4,'0. For original observatliawirt 

Klruna see Bondages atriens*, Kiruna, 19(^-9, by H. Maurice. Nova Aeta Soc. Reg. Sclent* tips., 1917, Scr. 
IV. ill. No. 7. • • • 1 

« British Antarctic Expedition, I010-19JB, Meteorology 4 winter ascents, ii. 275—calculated from mean 
lapse-rate. * 
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§ (5) The Geographical Distribution op 
Temperature.— fThe distribution of tom pom* 
ture at the surface may be illustrated by the 
normal isotherms for January and July on the 
maps of the Northern Hemisphere (Figs. 1, 2). 
The points to bear in mind arc first flic gradient 
of temperature from the equatorial to»the polar 
regions and the striking difference between the 
range of temperature displayed in the two 
months, 135° F. in January^* against 68° F. 
in July; secondly, the disem^inuitpof tom- 
*pprature at the co;isl lines\hieh is manifested 
by the break between the parts of the isotherms 
for the same temperature over the tynd and 
over Jhe sea. Those features of the distfibu- 
tion of temperature at the surface find ex¬ 
pression in the general circulation of the atmo¬ 
sphere in various ways whieli will be noted 
later. 

Above the surface, in the upper air to the 
level of 20 kilometres the general lines of the 
distribution can be inferred from the figures 
quote® in Table II. for the average tempera¬ 
tures in summer and winter at various stations 
in different parts of the world. In the table 
the stations are grouped according to latitude 
irrespective of hemisphere. 

A study of the figures shows that, from the 
ground upward the temperature falls at.tl^- 
rate of 5a owOa or 7a per kilometre* until the 
fall is brought to a sudden stop. We may 
call the fall of temperature per kilometre the 
“lapse-rate” of teuyierature, ifvoiding tne 
word gradient, which lias often b<?en used in 
this connection, because we require it for the 
change of temperature in the horizontal. 

An exception to this yile is offered by tfie * 
polar regions in winter, where tV temperature 
is lowest at tlie surface tuid increases upward 
to the first kilometre at least, altho Sgft beyond 
that level the genenj laV of fall of temperature* 
with height becomes iterative. Corresponding 
exceptions are often exhibited^ooallv^p valleys j 
at night, where ^he cold air accumulates in 
consequence of *the losj of heat by radiation ! 
from tho ground. The cold layer thus 
formed is very favourable fo% the formation• 

<* fof. • # j 

The lapse-rate at the surface und^‘ summer 
cmnlitions is generally between 5a and 6a per 
kilometre. It nuyy be subject to variation 
wti^ven reversed locally yi certain hfversyis 
greyer heights arc reached, but on the average i 
tHfc rate increases with height, and becomes j 
6a, 7a, or 8a per kilometre before it suddenly 
ceases whero a surface <*f demarcation is 
reached which we eall # the tropo pause. Above 
that surface *of <lemarca.tb*i tho isothermal 
surface^ a?e normally* vertical, or .nearly so, 
and belo*v it they are nearly horizontal. 

Thus fhe atmosphere is divided into two 
distinct parts: tlie upper, called by Teisserene 
de Bort the stratosphere, where the isothermal 


surfaces are vertical and there is no fall of 
temperature with height; the lower, called the 
troposphere, in which the isothermal surfaced 
are nearly horizontal and the maximum change 
of temperature is in the vertical. The figures 
vyhich relate to the stratosphere in Table II. 
are in black type, as are also those for the polar 
regions, where also there is no lappe of tem¬ 
perature near the surface in winter, but on the 
contrary a rise with height. 

The tropo pause separates the lower portion, 
th (^troposphere, with its temperatures arranged 
in horizontal layers, from the upper, the strato¬ 
sphere, with its temperatures arranged in 
vertical sheets. 

* The fall of temperature with height is a 
natural consequence of any mechanical process 
of mixing that would (end to realise the con¬ 
ditions of convective equilibrium. Hence we 
may conclude that the cessation of fall of 
temperature at the tropopausc means that the 
automatic process of mixing which operates 
in the lower atmosphere does not run beyond 
that level and that the stratosphere is free from 
that kind of disturbance. The conditions which 
tend towards convective equilibrium in the 
atmosphere are those of turbulence, which may 
be set up b^ the relative motion of streams of 
air flitli regard to the ground, or with regard 
to oaelf other, and may therefore he induced 
by* convection. iSueli conditions are appar¬ 
ently inoperative in any general seirse in the 
•stratosphere, and consequently we may regard 
► tlie stratosphere as normally free from the eon-* 
vedioif or relative motion which produces 
mijilig ifl the vertical. 

Afi important point to notice about ihe 
tropd^ause as indicated in Table II. by the 
upper line of separation between black type 
and ^ordinarf Dupe if that its height above tl^e 
ground or above sea-level (we have not evi¬ 
dence eiujjigh at present to distinguish) is 
dependtfit upon latitude, being highest in the 
• equatorial region and lowest in the* polar 
Region. The dilfcrences are very considerable, 
the lowest figures shown for the height of the 
tropopausc being 8-6 Jcilometres at Pavlcfvsk in 
winter, and the highest 17-18 kilometres over 
Vietoria#Nyanza or Batavia in the northern 
summer. Tli# intermediate regions witfi some 
Inceptions, which may perhaps be connected 
with associated*high or low pressures, show 
intermediate ith'gjjjs, and tlie* gradual slope 
downward of the tropopausc from the equator 
to tho^polo as a«iornial condition seems verj 
probable. 

Vfr may, however, here note that any general 
h» of that lfincf has to take account of the 
difturbaitee caused by the features of the 
variable distribution of pressure in cyclones 
and anticyclone#. Mr. IV. H. Dines lias 
classified the observations of 1 the .upper air in 
England according to the surface pressure at 
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tha time of observation, 1 and from his results 
we derive the following figures (Table III.): | 


indicated in Table. II; Sinee, the pressure of 
saturation of water-vapour falls off Rpproxi-' 


Table ITT 


Pressure, Temperature, and Density in Regions of High Pressure and Low Pressure 

A * 


Height. | 

-,- 

Hitch Pressure. 

, Low Pressure. 

Press u re. 

Temperature. 

Density. 

Pressure. 

Tenutfrature. ■ 

Density. 


*'"■ 

Hill, 

Teroentesiiuul 

Scale. 

*' K/"‘ a - 


f mb. 

Teroenteslmiil 

Seale. 

glut 3 . 

14 

143 

215 „ 

, 232 


<■ 135 ' 

< ' 234 

210 J 

13 

168 

215 

272 


158 

225 

245 

12 

197 

217 

316 


184 

225 

28a 

11 

231 

220 

350 


•' 214 

'Si24 

333 

10 

269 

226 

« 427 


249 

225 

389* 

9 

313 

231 

472 


289 

226 

446 

8 

362 

2.38 

530 


337 

228 

516 

7 

417 


589 


390 

234 

582 

6 

478 

253 

658 


451 

242 

648 

5 

647 

2m 

734 


519 

249 

724 

4 

623 

266 

818 


594 

256 

80S 

3 

708 

271 

906 


678 

263 

898 

2 

802 

270 

1010 


772 

270 

!)!)? 

1 

908 

279 

1135* 


875 

276 

1105 

0 

1026 . 




989 




From these figures it appears that the 
tropopauso is drawn down from 1£ kilometres 
to 8 kilometres by the transition from high 
pressure of 1026 mb. to a low pressure of 
989 mb., that irr the troposphere air is warmer 
under high pressure than under* low pressure, 
and that in the stratosphere the reverse is th^' 
ease, high pressure is cold relatively to low 
pressure. We may perhaps infer that the 
sequence of pressure which we expd.ienie is 
dictated mainly by the stratosphere. * 

The figures of Table II. also show that in 
the equatorial regions there is a continuous 
range of temperature with hdgfct from the 
highest figure 300a to the lowest figures of 
the whole table. If we regard thb distribu : , 
tion as represented by isothermal 'surfaces 
we caii see that isothermal surfaces for each • 
temperature cross the equator. Those that 
reach the tropopause and there turr up and 
become vertical are successively warmer as 
we proceed farther north. Hence we reach 
the important conclusion that the distribution 
of temperature with which we are familiar at 
the surface, namely highest temperature it 
;•. the equator tnd lowest in tlft p;>lar regions, 
kifte completely reversed wit^yi fae rangj of 20 
Tlupmetres. . , 

cfistributiofnost important characteristics *of the 
ately from 19 of water - vapour follow immedi- 
because the noftl ie distribution of temperature, 
cannot exceed the quantity 1 of c water-vap</ir 
saturction of the a Yi’ araount necebsar^ for die 
, at the temperatures 

1 Phil. Trans. Boy. Soc., . 

Geophysical Me mans, No. 13, N Series A, cexi. 253; 
■ No * * 40 c. f • M.O. publication 


I mately in geometrical progression as the tem¬ 
perature falls in arithmetical progression, the 
most striking feature of the distribution of 
water -vap nir is the rapidity wifih which its 
density diminishes with height. A general 
impression of the distribution can be conveyed 
a diagram such as Fig. 8 representing the 
* density of Water-vapour at different levels by 
the number of horizontal liVies of dots per 
kilometre of height. The thickness of the cloud 
'of 1 doty produced in # this way for a selected 
number of stations referred to in Table II. 
represents in an effective ihanncr the relative 
importance Iff different layers of €no atmosphere 
in respect of 'water-vapoiy. It is true that 
the air in cfhestion is rut always nor even 
generally # saturated with water-vapour, and 
perhaps an allowance of one quarter of the 
number of lines might be Snado on that 
account, but the reader is left to introduce 
that correction j^t his discretion. 

§ (6) Potential Temperature or Rea1!Asein 
Entropy in the Atmosphere. —Another 
important^feature of the figures inejuded in 
Table II. is the information which they disclflfd 
as to the extent to whiefi the atmosy^ifiSP 
differs from the condition q( convective 
equilibrium. It should be remembered thLt 
a fluid is in convective or labile equilibrium 2 
when any eleipent of it moving vertically 
without loss or gain of heat takes at all 
heights the temperature of the, surrounding 
air at tjie same level. 3 , Hence in 1 an atmo¬ 
sphere in convective equilibrium apy part 
of the air warmed, however slightly? goes to; 

* For a filler discussion see § (13). 

1 Sefe “Atmosphere, Physics of the," § (6), p. 25. V 





' Fig. 6.—Density of Water-vapour for Saturated Air at different Levels at Selected Stations 

in different Latitudes in Summer and White?. s 

The number of lines in any eSiuain represents the equivalent, in millimetres of rainfall, of the water-vapour 
by^xtrap 1 ti ^ ^ 1C no i ma * temperatures given in Table if. The extensym to sea-level at land-stations is 

..QUS' meaning, bocaus* the atmosphci% always I and for downward motion. If saturated air 
,C0ntain# # wate r -vapour, generally not very far moves upward and suffers reduction of 
from tho point of saturation. Often it is pressure and consequent* reduction of tern-■ 
^actually saturated, or condenfation rnay.be in perature, the lapse of t-empemtufc is affected 
progress. Tho heat derived from the changes | by the setting free of the latent heat of 


and for downward motion. If saturated air 
moves upward and suffers reduction of 
pressure and consequent reduction of tem¬ 
perature, the lapse of tempemtufc is affected 
by the setting free of the latent heat of 








62 


ATMOSPHERE, THE K|iu l> x in ajml 


evaporation and an adiabatic change of special 
character occurs for which equations will be 
given subsequently. Convective equilibrium 
for upward motion implies change i>f tem¬ 
perature according to the adiabatic for 
saturated air (sec § (22)). Oh the other hand, 
if the saturated air is moved downward, and 
increase of pressure occurs, then the presence 
of the water-vapour is of very little importance; 
the change of temperature produced by the 
change of pressure is in accordance with the 
adiabatic change for dry air with the o<Mic«ient 
•28b for its ratio to the percentage change of 
pressure. We have to borrow in this section 
some of the results of thermodynamic theory 
which are the subject of later sections ((18) and 


the statical stability of the atmosphere. It 
has in consequence been usual to represent the 
condition of the atmosphere at any point of 
low pressure in the upper air by recording tho 
tempcratui^? which the air would show if the 
preswrc were increased to a standard pressure 
under adiabatic conditions. The temperature 
adjusted in that manner was called “ potential 
temperature ” by von Bozo Id. 1 It may 
obviously be closely connected with the 
entropy^ w'hiehttho-qir possesses in virtue of^ 
its temperature alone without reckoning arf/ 
further store of entropy available in the event 
of yie •ondensation o| its remaining water- 
vapour. Regarding, therefore, dry air g.s the 
working substance, according to the isentropic 



*Tho aMulet band indicates the probable position of the tropopause 

• • 

Fio 0 —Distribution of .Realised Kntropy, lu Joules per Tereentesimal lAiit of Temperature, 

• « %n the Upper Air over the (Jiob*. 


The realised entropy 
The standard state from which the en%*‘>P 
The diagram represents a section pi the .Tt 
represwlits tin 41 " . . .“ f < ‘ r ‘" 


- w • 

>y is related to the potential tempfl-atiro by tho |piation 
from which the enfc-opy is measured is when T~ 200a and standard i>r 
™ uiu.h.im oC.t-.iw> ;nmnsnh(‘rc from itole tu nole : U*e si aided area n 


(1 fl + const. 

he en%ropv is measured is when T - 200a and standard pressure is 1000 mb. 
i ofcttie .ftmospluTe from pole t§pole ; tl*o sluided area near the north polo 
massif.,! <irm.L,ncl; of«orva.t ions 


?i 1( . u.w.tion of the massif of Greenland, and 2hat at. the south*>ole the Antarctic « onnm m, 
wlfcatioiw .)f ex<epttonally high taM entropy ova- Hip equator are derived the observations 
ria Xyanza. t • • 


The indie 
i Victoria 

(19)), but the idea of defining temperature in the 
atmosphere with reference to some standard 
condition of pressure is of such. general 
importance that the borrmhing may he, 
excused. The table of figures shows that in t«? 
upper air of tdir latitude the tfccmgc change of 
temperature with height is^hat of saturated .air 
going upward, not iha^of air coining downward. 
Hence in summer, in this uountry saturated 
air can on the average go up automatically, 
hut it cannot come down again, and the tame 
is true of air at the equate, whereas m Jfne 
polar regions we eln scarcely see our waytto 
conditions favourable for air to rise whether it 
he saturated or not. Thus the consideration 
of temperature w^th reference to the saturation- 
adiabatic for ascent an.l the dry adiabatic for 
descent is of great .importance in considering 


^equation^Constant, \^e get by aid tho 
characteristic equation p »-HT ’ 


T 

piy l )/y 


// rv 

V y 

-constant 


constant. 


ft 

fy 1 


wWere 0 is the potential temperature and p Q is tho 
standard pressure hence 


iejn 
0 * T 


y- 1 dp 
« 7 V ‘ 


1 Silzber. Berliner A kail., 1888, xlvl. 1180. ■ 55-UT. 
Thorinodynainik #ler Atmosphaic, also in von « 
UczoM’s (lemmmelte Ahhandluug, Vie^CR undHohn, 
Itrammchwelg, HM>«. p. 128, tr. C. AbW, Mechanics of 
the Earth's Atmosphere, p. 243. 
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Tho energy equation is 

dQ^c v dT- 


A vdp 
AR P , 
P 


I generally in the polar regions during winter- 
They also occur in the free atmosphere froiq 
time te time, particularly, for example, ill 

* 


where A is the thermal equivalent of a unit of iSirk. 
Hence if <i' denote the entropy, » 

rfl) dT AI Idp 
" T "' p T , 


d<p = 


' dT 

•'P rji 

rf’L’ 
Cp T 
dO 
Cp 0 


dp 

(trfCAp 




v - 1 

7 


Cp dp 

P 


therefore integrating, 

(p-c,p log, 0-f const. 

or changes of entropy from an agreed standard aro 
expressed by the natural logarithm of tho potential 
tem|K>ratui(; multiplied by tho speeilic heat at the 
standai# pressure. 

Wo may call the entropy expressed in this 
manner tho realise^. entropy, in contra-distinc- 
ti,,n from the total entropy of the air which 
includes the entropy of the water still existing 
in the form of vapour. . 

The normal condition of the atmosphere* in, 
respect of th<*distrihut.ion of realised* entropy 
computed in this manner is represented by the 
diagram Fig. It. * 

The relative conditions in liigT^ and low 
pressure are similarly shown in Fig. 1<>. 

|(7) Statical Stability of jhe Atmo- 
rfituhe.—I t will be understood that if the 
atmosphere were in connective equilibrium 
for dry air or for downward* motion the 
realised entropy would die the sam^ at all 
heights, for the elianges are all adiabatic, hence 

. n . , .. r# _ 1.ill,, in flaia 



AnticycloiH 

• 

Fm j 10 -Norm'll Distribution of Realised Kntmpy 

‘in iinglanil rcl. rml to Comlitions ot illglll reason. 

• (anticyclone), I.uw Pressureteyelone), and Normal 
1 • Pressure (sit Table 111-)■ 

: The raised Entropy is calculated by the same 

formufci ( J. 

*the ftade-wind regions of the Atlantic, jjueh 
layers* of increasing entropy are just, as 
impermeable while they last as the strata- 
si.hete itself * Wo ntay with some assurance. 

ov. s .,.- _ c all a«l|(anattc, mrnee regard them-as -‘decks” on the 

the number of line»fdT any loeigtty m tins • “ of^.he deck of a ship. The strato- 

diagram is an indication of the atalnlity i*f j 1 deck of the atmosphere; 

the air for downward motion#or fo%upi . { ti t time ftre temporary 

motion on the one .tide of the limit of saturatypn. tlo,M 

It should he ijited Unit in the stratosphere 
the lines are %'parated from one another by 
very small intervals and we • , orre#tly infer 
tftereffom that the stratosphere is characterised 
by great stability. In order to replace the 
ai^>f any locality by air beneath it, that air 
would have to acquire the entropy suitable 
fonibo place it would have^to occupy, and in 
the #bsence of that supply upward motion is 
not possible. If displacement, is forced as, for 
example, by momentum, forces of institution 
and corresponding oscillations would result. 

The stratosphere is#the only region which 
presents permanent conditions of stability. 

Corresponding properties arc exhibited in the 
lower atmosphere from time to time in what 
aro called inversions or regions of negative 
* lapse -rate^ such regions art# nearly always 
found at the ground after clear nights, and 


Ijelow it from time to time are temporary 
decks which act as impermeable layers and 
effective barriers to the ascent of descent of air. 
i* § (S) TlIK DISTRIBUTION OK PRESSURK AND 
tiik Winds corresponding therewith.— 
At this part of the subject we make a junction 
with the dvnaiflies of the atmos]>here, which is 
; (Mil with in another article (see “ Atmosphere, 

' Physics of,” i (f) el seq.). * 

Pressure in tne (g^nosphere is related to the 
temperature. The connwt iwii between the two 
is reprAented with efficient accuracy for oufc 
present purpose by the statical equation of 
pU'sHire p in a Huid of density ,> at the point 
* 'ftiture is T. The equation is 


puislure p in a iimki oi ocuhi 
wVr^thj teijpwfiiture is T. 


dp- -gplk - |{q. . * 

where S is the height eo-oAinate measured 
from below upward. . 






Fig. 11.—Mean Pressure at 8 Kilometres in the Northern*Hemisphere. 

« _ » y : '' , 

Isobars are cfrawn for intervals of 5 millibars. 

. 

Tljc values are computed from the pressure and temperature at the surface, assuming 
a lapse-rate of temperature of 5a from 0 to 2 km., 5*5a from 2 to 4 km., 6a from 4 to 
0 km., 7a from 6 to 8 km. The variation of gravity with latitude and height is allowed 
fSr, but no allowance is made for humidity. J g t • * 
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From the surface upwards the pressure 
decreases with height, the ioss of pressure for 
a given height depending upon the density of 
tlie column of air between the surface'and the 
selected height. The chief controlling factor 
of the. density is the temperature, and the next 
most important factor is the pressure, and only 
small effect is produced by the water-vapour 
present. To compare the relative importance 
of pressure and temperature we may note 
that the averago differences exhibited r at the 
surface in July are for temperature from 311a 
to 273a, producing about 14 per cent difference 
in density, and for pressure from 1025 mb. to 
990 mb., accounting for 2-5 per cent change 
in the density. It follows therefrom that* as 
we go upward pressure will diminish more 
rapidly over cold regions than over hot 
regions. In so far, therefore, as regions of high 
pressure are cold compared with adjacent 
regions of low pressure, their influence will be 
diminished with height, and in so far as they 
are warm relative to their surroundings they 
will become intensified at the higher levels. 

Conversely, if a cyclonic area is warmer than 
its environment it will tend to disappear with 
height, and in so far as it is colder to ho inten¬ 
sified. Cold anticyclonie regions and warm 
cyclonic regions, in so far as th£y existr must j 
therefore be regarded as surface phenomena. 

This conclusion is amply borne out by 
observations in the upper ain where cyefonic 
regions are colder than anticyclonie for the 
same latitude and same time of year. But/a^ 
we have seen (Table III.), that c state c>f things 
has not unlimited extension in the vqrfieal. In 
the higher regions there is a curious re^ersalc- 
of file conditions obtaining* below the, tropo- 
pausc. At the surface there is a gradient of j 
temperature from the e^uatori^J to the polar 
legions ; at 20 kilometres that is eomjrtetely ! 
reversed, the gradient of temperature is from j 
the polar to the equatorial regions? Jn middle ! 
regions a cyclonic area is colder than an anti- | 
cyclonic area, but at 15 kilometres the 
relation is opposite. So it comes about tluft, j 
differences of pressure tend to be nSn-cxistent. | 
at the level of 15 kilofiietres, and from there ] 
downward to 8 kilometres there is a gradient i 
of density from the equatorial region to the I 
polar region; from 8 kilometres to the ground, 
on the oth^r hand, there js a gradient of 
density from the polar regions*to the f equator, j 
which may be highly accefr.uated by the local j 
cooling of the surface If the pressure follows 
<£he density from 20 kilometres to 8 kilometres 
there is a gradient of pressure from the equator 
to the pole, gradually increasing downwyd. 
At 8 kilometres tjierc is a lewr-l of uniform 
density, and from there downwards the influ- | 
ence of the reversed gradient of density begins J 
to come in, an<f may become the dominant ! 
factor in sofne localities near the surface. 


JJence we may divide the atmosphere into 
two layers at the level of 8 kilometres. For 
the upper layer there is a gradient of density 
poleward, and for the low r er layer a gradient 
of donsity equatorward. 

Figs. K and 12 represent the distributions 
of pressure which correspond respectively with 
the upper layer and the lower layer. We call 
attention to the remarkable similarity in the 
run of the lines of the two figures though they 
represent opposite gradients. Superposed, we 
might imagine th4t they would approximate 
annihilate each other. They nearly succeed 
in doing so, but owing to the indirect influence 
of land and water we*have a surface distribu¬ 
tion resulting from a combination of £he two 
( Fig. 7) which is quite dissimilar from either 
of its components. 1 

The distribution of pressure is closely related 
to the winds. Jf we could assume that the 
motion of the winds is a horizontal motion 
without acceleration of speed, the relation at 
any point for any moment would be g^ven by 
D the equation 

^ - 2w v sin <j? L % cob r, 

P E 

c 

where b is the gradient of pressure transverse 
( tot the run of the iso baric line, p the density 
of the air, w the rotation of tfce earth, v the 
velocity of the motion of air which is tangential 
o the isobar, 0 the latitude, E the radius of 
ho earthy' and r the r angular radius of the 
“ small circle ” osculating the path of the air. 
The + si^n relates to cyclonic motion and 
the - sign to anticyclonie motion. 
c This aquation caq only be strictly applicable 
in special circumstances, and those circum¬ 
stances are obviously absent in the complicated 
condition.*? of a travelling cyclone when the 
angular radius of the pat£i is small. It is also 
obviously f&r from cxa<h at the surface, where 
part of^thc kinetic energy of the motion is 
transformed* into eddy-motion and dissqiatcd 
in friction. So mu^h so that the line of 
motion of the air may theoretically deviate 
from the isobar to the extent of 45°, and 
maps sometimes show even greater deviation. 
Nevertheless observations of wind and pressure 
at the surface first led to a recognition, in Buys 
Ballot’s law, of some relation betwee n^the 
direction and fofee of &io wind and ^the 
direction and separation of the isobars ; c and 
that being the case for the surface, where Vhe 
c|fcumstances are obviously unfavourable, we 
are justified ii^ a&uming that the approxima- . 
tion becomes closer in ^ie upper layers. 8 < 

* See Shaw, “ THWMechanles of the Atmosphere/' 

Nature, July 7, 1004. • m ■ " 

* The name of Buys Uallot. may be ofjered as a 
reason for selecting b to represent Imroinctoe gradient •' 
In place of y, which is often used for that purpose, 
but has already l)«en used in this article for the ratio f 
of specific heats. 




So far as motion in the upper air is oonyrnod §(9) The Kinktio Energy of the AtmO- 
We hare not sufficient information to enable sphere. —Wo may refer again to Fig. 11, repre- 
us to assign any definite value to the probable Meriting tho distribution of pressure at tho 
deviation of the direction and velocity of tho level of^OOO metres, ami consider the velocity 
wind from that calculated by the equation, corresponding with the distribution of pressure 
but we know that the range of t^locitjdis- set out therein according to the formula 

played by the motion of tho air in f a period bjp = 2w» sin <t>. We may note that there 

measured by hours is generally very small, is on the one band a vast circulation from 
and the numerical change of velocity per west to oast round tho poles, and on the other 

second at any moment can fairly he regarded hand a circulation from east to west along the 

as negligible in comparison wuth the instant- line of the equatorial doldrums is indicated 
mucous velocity of the aiif%It is in faeT prefer- by Jtfus, isobars near the equator. Between 
able to assume tliat for horizontal velocity in thej easterly circulation of the equator and 
the upper air the wind corresponds with the , the westerly circulation of the regions of 40° N. 
relation expressed by 'tho equation, Thai? to wo find vast antieyolonio areas over tho 
introduce an additional term of which the continents with winds circulating round them, 
magnitude is quite unknown, when all the i If we associate the equatorial side of the 
available evidence points to its being very anticyelonic circulations with the easterly 
small in all the circumstances to which we , current of the equatorial region, and the polar 
can hope to apply the principles of dynamics sides with tho westerly current, of the polar 
and thermodynamics with success. 1 circulation, we are led on to the idea of 

When the direction of movement of the air , dividing the general circulation into two parts, 
differsalittle from the line of a great circle the separated, the one from tho other, by the ridge- 
second term of. the equation itself becometf lines of the tropical anticyclones. The one 
of very small importance, and a provisional part represents a flow from cast to west over 
relation of wind 9> pressure can be expressed the equatorial region, the other a circulation 
by the simple formula from west to east round the pole. 

• Calculations from the formula already 

’ - 2lor sin <l>. • quoted, supported by observations with pilot- 

P • balloon* enable us to make a rough estimate. 

This consideration applies in the case of of flic kinetic ene%>y which is represented by 
synchronous charts for single epochs ; in tho these circulations. If we take the parallel 
case of maps of mean values the mean isobaft «>f 30° as separating the westerly from the 
will correctly represent the resultant effect ,<®sterly circulation, we can look upon the* 
so far as the vectors of pressure-gradient are latter as approximately a revolving belt of 
concerned, hut the velocity deduct'd from the air <H)° wide, its weight as indicated by the 
resultant gradient is not rigorously t^e actual pres*ure at tho syface works out at 21 x 10- 1 
resultant of the several Velocities, bccauso of grammes or 2-7 x 10“ metric tons. Taking 
the dual character nf»,the relat ion of the the mean velocity at 10 metres per second, the 
velocity to the gradient when the •path is j energy of tho»moving mass of air will he < 


curved. - , 

In the course of tbf formation *>f the mips 
of the resultant distribution of temperature, 
vapour pressure, rainfall, pressuse and wind, 
the peculiar features of any occasion wil? be 
merged in tin? general map, unless the 
peculiarities afe permanently ^attached to a 
Hfirtitular locality. • This is notably not so 
in the important case of travelling cyclones 
which pass along more or less recognis'd paths, 
buf are seldom stationary when the hour is the 
practical unit of tflme, still less so when the 
day is the unit, and neve? when the month 
is* the unit. Consequently wo must treat 
transient cyclonic and anticyelonic conditions 
separately from the average^onditions. Evtn 
when we are dealing with average or normal 
conditions we must txpcct some deviation 
between theoretical jxnd observed results, 
and reftyin from carrying the reasoning to 
details. • 

1 See “ Prineinia Atmospherical Proc. Roy. Soc. 
Edin., 1913, xxxiv. 77. 


! i x 2-7 xJO 21 x 10 6 ergs - l -35 x 10” ergs, 

! or the etietgy of 2700 billion tons moving at 
! JO m/s. or 45 thousand billion foot-ton* 

We may next consider the energy of the 
flair of tjjp revolving polar caps. Their mass 
j. is not substantially different from that of 
| the equatorial belt, since their area between 
30° and Jhe poles is one-half of the area of 
the sphere. #\Ve may next consider that 
tVr moment of momentum of easterly and 
westerly circulations about th% polar axis 
must the same, since the motion is caused 
by internal actions and # rcactions. The equi¬ 
valent Radius of t the moment of momentum 
will certainly be less than the mean radiuS 
of trfio equatorial belt. Consequently the 
biVance of mpmfnt of momentum must be 
coftsctved by% greater velocity of the moving 
air, henco the velocity of air in the westerly 
circulation ought be greater than in the 
easterly circulation, and the Icinetie energy of 

i its motion, tho mass being the same, should 

« 
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be greater than the energy of the equatorial 
belt. 

Hence the wholo kinetic energy of the general 
circulation is of tho order of 3 x 10 27 ^rgs. 

To this we need to add the energy of the 
local circulation of cyclones and anticyclones 
of limited area. Later on in § (20) wo have 
quoted ar. estimate 1-5 x 10** ergs for a de¬ 
pression of no great depth or extent. The 
figures would be largely exceeded in many 
casesf and the motions of the atmosphere 
represent displays of kinetic energy o,n a 
gigantic scale. ( 

. III. The Agencies ay Work : Radiation 

§(10) Analysis op Radiation into Long¬ 
wave and Short-wave Radiation. —Tho 
primary agency in the thermodynamic pro¬ 
cesses is the effect of solar and terrestrial 
radiation in supplying heat to the atmosphere 
or removing it therefrom. 

The principal effect is related to the surfaco 
and is indicated by the maps of the -distribu¬ 
tion of temperature already cited (Figs. 1-4). 
Therein is noticeable that, as the result of 
direct absorption of solar radiation at the 


emission and absorption in an atmosphere of 
varying composition as regards water-vapour. 
The variation is of vital importance, because 
it is tho water-vapour rather than the dry 
air which controls the absorption and radiation 
of energy by the atmosphere. By way of 
simplifying tho consideration it has become 
customary to consider radiation as separable 
into radiation of long wave-length appropriate 
to water-vapour and tho earth, and of short 
wavo-levgth appropriate to the solar radiation. 
Solar radiation isit.'diminished by one-ten^- 
in passing through the whole atmosphere, 
terrestrial radiation by nine-tenths.* Thus for 
terrestrial radiation the atmosphere behaves 
practically as a black body, and fof solar 
radiation as a transparent body. 

Tho chief phenomenon, which wo have to 
rely upon radiation to explain, is the approxi¬ 
mately vertical setting of the isothermal 
surfaces hi the stratosphere. The character¬ 
istic of the stratosphere to which the 
possibility of such an arrangement is attributed 
'is the absence of any convection of the kind 
| which is preceded by statical instability of 
successive layers in the'-vc. tical. Tho witli- 
j drawal of air from under the stratosphere or 


surface in the equatorial regions, there is not its heaping up there and* the consequent 
much difference between the mean valu'.s of j general sinking or elevation of the tropopausc 


, temperature of the air over sea and over lahd, 
but there is a great diffcrY.ice between them 
as regards diurnal range of temperature. 
There is practically no diurnal variation of 
the temperature of the air over the sea, where.Vs < 
the diurnal range over the laftd, increasing 
from the coast inland, becomes very great in 
the interior of continents, ^jith extremes as 1 
wid(f apart as 23a for the month of Jrly at j 
Aswan, or 2oa at Insalah (lat. 27.17 N., long, i 
2.27 E.) in July, 26a in Mcrch at Jaipur, India, | 
or 26a at Alice Springs, or 30a at Laverton in j 
Central Australia for thc*«month £»f January 
1911. 1 There are corresponding differences in 
the amount of water-vapour contained in the, 
air, the amount inland being as a rule very 
much smaller than at the coasts or over tll£ I 


j hncl the layers above it may .sty 1 be allowed, 
i but the other form of convection which would 
tend towards convective equilibrium cannot 
didst if the, atmosphere remains arranged in 
isothermal vertical sheets. 

§(11) The General Balance ok Solar 
and Terrestrial Radiation, Emden’s Equa¬ 
tion. —-In the absence of convection of the 
ordinary penetrative character it is to radiation 
alone that we must look for maintaining the 
condition <*f the stratosphere, and for this we 
arc provided with concisions of a very general 
character b^Ilumphreytj 3 Gold, 4 and Emden. 6 
The last, considering the transference of heat 
by radiation*through the atmosphere, arrives 
at A curve of variation of temperature with 
height which is nearly'"vertical above the level 


sea. Since water-vapour represents thermal 
energy in a latent form,*which becomes avail¬ 
able when condensation occurs, it is pecessary 
to ha^e regard both to the temperature and 
water-vapour in considering questions of ht/*S; 
and energy ip the atmosphere t 

The consideration of the thermal ?ffeet of 
the distribution of temperature produced by 
the absorption of solar puliation ,or the 
Emission of terrestrial radiation is, however, 
comparatively simple compared with, the 
effects of radiation from tfe air itself with 
its varying amount of water-tapckir. ° The 
full ^discussion of that side of the subject 
involves the consideration pf the energy of 
different wave-lCngths and its relation to 
1 Roseau Mondial, 1911, M.O. 207g, pp. 52, 20, 7. 


of 10 kilometres. 

The reasoning, which us based upo^> tfyp 
ultimate equality of gain and loss of heat by 
solar andr terrestrial radiation, is set out in 
§ 28 of F. M. Exner’s work on Dynamimihe 
Meteorologies 

t - <*» 

The equation arrived at Is c 

<rT*=»Jli£l-HM& I g(l-a»)J, . . (1) 


* Abbot and Fowle quoted s.r. “Atmosphere, 
Physics of the,” by T r. Hrimt, $ (0) (r). 

a AHt.rrphys. Journ., 10&J, xxix. 14. Bull. Ml. 
Weather Ohs., 1909, ii. 

4 Proc. Hoy. Sac., Series A, 1000, lxxxii.u43. 

4 Sitz. Ber. Ak. Wins., 1013, ]>. 65. 

* F. M. Exneiy Jp/numisehe Mete.orologie, B. G. * 
Teubner, Leipzig, Berlin, 1017. 
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where T is the temperature on the tcmmtlsimal 
scale; o Stefan’s coftstunt for the emission of radiation 
per unit area of a radiating surface; l t is the effective 
intensity of solar radiation per unit area, which is 
reduced from the full intensity of 2 grammo-culories- 
per-ininute to -5 grainme-ealorie-per-miflutc tx§give 
the mean intensity of solar radiation over tho 
globe throughout the day and night, and further 
reduced by .‘{7 per cent on account of the dispersal 
of tho solar radiation by reflection or the radiative 
intensity of the earth’s albedo ; hi is tho fraction of 
the mass of water-vapour ti% cohirnl of the 
Homospherc Iwtween the layer of temperature T and 
the top; a is the coefficient of absorption per unit 
mass of water-vapour for solar radiation, igpd b the 
corresponding coefficient for terrestrial radiation. 

From that equation Ex tier gives the following 
table of relation of temperature and height when the 
distribution of temperature is controlled by the 
exchange of radiation under the most general average 
conditions. 


Height 

Fraction of 
Witter-ui. pour 

Temperature 

Lai >se-rate 

>»# 

Metres. 

already traversoi! 
by the 

Steady Con- 

Temperature. 


Molar Radiation. 



• • 

a. 

a per 1000 in. 

CO 

10,000 

0-00 

0-0*15 

210 

218 

00 

0,000 

0 1 

227 


4,190 

0-2 

230 

7-0 * • 

3,140 

t-3 

245 

10-7 

2,390 

0-4 

253 

1,810 

0-5 

200 


1,330 

00 

200 


580 

0-8 

• 278 

• 7 

19 0 

0 

10 • 

288 



Tho nearly vertical line between 10,000 m. 
and infinity has a lapse *f <>nly # lwo degrees, 
and the temperature afc*J 0,000 m. 218a, com¬ 
pared with a ground temperature of<88a, is 
in remarkably good ^agatement wfth a general¬ 
ised view of the ascertained averse facts for 
middle latitudes of the northern hemisphere: 
the corresponding figures for England as set 
out in Table II* *are 289a and 222a in *the 
summer and 27(lh and 217a in the winter. 

In the course of the proof it is .jfsunu^ that the 
ahsorjfcion is due erftirely to tho water-vapour 
which the atmosphere contains, and that the solar 
radiation A, at any level going downward is con¬ 
trolled by the equation d ^ - A x dm or A t — ljp _ am ; 
whence, using Abbot tnd Fowle’s value 0-1 for the 
fractional absorption of tho* whole utmosphefc, 
and by similar reasoning e~ b — 01, whonco 
a105, h—2-30. 

Relying further upon Harm’s equation 1 for tie 
distribution of water-vapour in tfio atmosphere, 

<? = e 0 .\ to*' G00 °, 

whore e.is the partial •pressure of wale*-vapour 
at the height h (in metres), and e 0 is the partial 

* 1 The conditions are discussed %pd various equa¬ 
tions proiKwcd in Ilium, Lehrbuch der Meteoroloyie, 
1915, 3rd ed. 230. 


pressure of water-vapour at the surface; and further 
assuming that the partial pressure of water-vapour 
is separately cumulative as one goes downwards (as 
it wouldfbe in an atmosphere controlled merely by 
molecular diffusion), so that e 0 represents the whole 
weight of water-vapour per unit of area at tho surface, 
and e the weight per unit of area at the level h, wo 
thus get m = 10” ^/OOOO^ an( j therefore td) takes the 
following form for numerical computation of tempera¬ 
ture in relation to height: 

r • 

(rT*™J x :m 1 +2 ;i0>. 10 - A/0001J 
' + 2 1 3o <i - ior > • 

•§ (12) The Outflow of Radiation from 
the Earth and the Temperature in rkla- 

j TiON TO THE EQUATION FOR RADIATION. — But 
the reasoning is of so general a character, 
involving the averaging of the loss of radiation 
in the albedo and the averaging of the solar 
radiation over the whole globe as well as 
throughout the day and night, that it is diffi¬ 
cult to extend its conclusions to the special 
circumstances of different localities on the 
earth’s surfaeo under similar limitations of a 
very general character. 

We may ryotc that while the argument de¬ 
pend.! upon the outward stream of radiation 
frotn th«? earth being balanced by the inward« 
stream of radiatiorWrom the sun, less than one- 
sixtieth of the^olar radiation comes into the 
Calculation of the absorption of the whole 
«e<?himn, i.e. l # of I t or -0315 g.-cal. per cm. 2 
per mil* And in actual practice it varies 
bet\jf£en (de-tenth or more in bright sunshine 
•and •>ro in the Ajjptic countries or at night, so 
I that tfce conditions apply only to an imaginary 
mean atmosphere. And since the absorpt ion 
is assumed tctdepenfl upon the wator-vapmy 
the solar radiation only begins to bo practically 
operative ijf affecting temperature where there 
is water-vapour in measurable quantity, and 
that is comparatively low dpwn in the^itmo- 
t^ihere. 

• We may perhaps put the question in a 
•clearer light by considering the loss of heat by 
I terrestrial radiation independently of its com¬ 
pensation by solar radiation, of which 90 per 
cent traverses*the atmosphere and is lakcn 
u, *by the land or sea or reflected outwards 
without affeeting^tho body of the atmosphere. 

Further, wo ftiav perhaps get some insight 
into tho subject by using^oip; knowledge of the 
temperatures within and beyond tho practical 
limits of the water-atmosphere, to get a 
mcawire of tho to^al quantity of water-vapour 
in different latitudes, instead of assuming that 
quantity to b8 expressed a mean value for 
the total atmosphere, • 

Using the same method of rcasqping as Exner, and, 
so far as may bo. the same notation, w<f may proceed 
as follows: Premising that we havft to express n 
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steady flow of heat by radiation outwards from the 
earth through the atmosphere vertically into space, 
wc may call this flow K. At the extreme ,J,imit of 
water-vapour H remains, passing thence into space 
as the final result of the process; and at tho ground 
R is represented by the difference, between tho h^at 
passing by radiation from the solid or liquid surface 
into the atmosphere and the heat carried as return 
radiation downwards from the air to th? surface. 
The heat passing from the surface upward by radia¬ 
tion ijnay be expressed as crT K 4 , where a is Stefan’s 
constant, and T |C the temperature of a “ black ” body 
equivalent in radiative power to the surface under 
consideration. 

Let Bi represent the .'low of “ earth radiation ” 
upward which at the surface is <rT^ 4 ; < 

B 2 represent the upward flow by radiation 
from the atmosphere. 

Then B= Bj -f B 2 represents the total upward flow at 
any section of a vertical column of unlimited height 
1 cm. 2 in area of cross section. 

Let A represent the downward flow by radiation 
at the same section. 

Then in the steady state 

B-Ais It, the constant flow outward into space, 
equal to the difference between <tT f 4 and the 


Fr/-m (3), since from (5) <JB-f?A=*0, we get 
h\V 

2.dA~-(B-A) dm. . . 


(6). 


Integrating (0) from m to the upper limit, where 
A isO, 

7, w 

2A«(B-A) — (1 — 7w). . . . (7) 

H> 

From (4) 

2b\V<jT 4 dm ^(A+h)bWdm, 
or 2<rT 4 f =Ajjl t B=2A+(B-A) 


=(B- A) 


/ 6W_--\ 

(*' „• 1 ’")■ 


( 8 ) 


At the ground T=T 0 and w—0, 

ftW\ 


2 /r 0 ^(U-A)(l + -"'). 


Hence substituting for B - A in (8) the equation 
between temperature and water-vapour becomes 


1 | {b\\jw)\ ' i 


")• 


(8) 


flow from the air to the ground. 
h = the height of the section under consideration. 
Let \V — the total quantity of wak^vapour * \ the 
. column; ** * 

wW = the amount of wa tec-vapour between the 
ground (A — 0) and h. , 

w —the amount of water-vapour which 
accumulated in a layer would radiate 
as a black body. i % 

A*the coefficient of absorption of Radiation 
per unit mass of vapour. ° „ 

T — the temperature at A,on the teroentc imal 
^ scale. 

T 0 —the temperature of the air at the ground. 
The radiation front a layer di water-Capour of thick¬ 
ness dh and temperature T with quantity of vapour 
dm is (&YV/ie)<rT 4 r/w. ^ t 

B+</B A + c/A 

' t« I 

b Wdm T 

Tb 1a 

Fi«. 'is. 


ThoA with the arrangement act ou* in Fig. 1.1: 


AHV , , h\V 

_ d A t * - - dm H- a l *dm.. 


* 1 
- (1) 


rl H =. - (BJ -* -rfm i ,jW aTVm. . (2) 

1 * W t U) * 


/, W r 

-dm. 1., . . . . (3) 

W • . 

. e c • i 

7 >W 97 , W 

oiB-rfA= -(B + A)-~ dm [ trj'im. . (4) 

I 

B-. A-«mstiuit-/r ) ., 4 - flow from air 

to ground *=R. (t>) 


Notc.—l). Brunt has pointed out that an equation 
of this form will take account ot‘ “ scattering as 
well as •ndiation by augmenting the “ loss-eoefflclent 
^,b>»a constant J.v where a Is coeffieieiit of scattering. 

If we suppose the stratosphere to be a region 
in which the amount of water is so small as 
tfi produce r o sensible addition to the total mW 
we may put in —l in Equation (9), substitute 
for T the normal temperatitre of the strato¬ 
sphere in any locality or for any season, and 
<* f(x* T 0 tjje corresponding temperature at the 
ground, and qsc equation (9) to determine the 
I value of b\\'/w, the #tio in which terrestrial 
! radiat.iotf is diminished by passing through 
! $ the water-varfbur in the vortical column above 
j *it, fcxprcssetrin terms oft the amount required 
! for “ black-body ” radiation. Results obtained 
I for certain cases'’a re as follows : 


I-ooalltv iufcl SeiiBft 1 *.. 

O 

1 *i. 

itl 

a * c 
& 

r - 3 

i~l 

H th 

hW / IP. 

Residual 
Trnna- 
mission 
into Spam 
of'"nit , 

R ndiation 
from the 
Ground. 


ii. 

a. 


•e 

Batavia, July ' . 

299 

187 

5-53 

«Q4„ 

England, July . 

289 

222 

1 87 

•16? o 

England, January 

t 27*1 

217 

1 02 

•198 


In computing curvo of relation of tenv* / 
peraturt^ and height for radiative equilibrium, 

F. Exner used for the fractional suiyival of .... 
j radiation at the limit of the atmosphere 0-1 as 
| quoted from AJ>bot and Fowle. From the • 
j calculations here given it appears that that 
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value is too groat for tho equator, wher* the 
survival fraction* is -004, and too small for 
England in summer or winter, where respect¬ 
ively ’154 and 198 of the radiation from the 
ground escapes absorption and passes into 
space. We gather from tho figures for bW/w 
given in tho fourth column that the amount of 
water-vapour in the air above Batavia is five 
and a half times as much as would be necessary 
to constitute it a “ black body ” if concen¬ 
trated into' a single sheet^oVtr Engine! the 
iftnount is nearly double tho black-body 
standard in summer, and fifty per cent above 
black-body standard in winter. • # 

Substituting the values which we have hero 
computed from the temperatures of the strato¬ 
sphere in tho three cases given, wo obtain the 
curves given in Fiy. 14 to represent the curve 



Fig. 14.—Variation of temperature with height in an 
atmosphere during steady loss by radiation. The 
observed temperatures ;0t. Batavia, iif England 
(summer), and in England (winti#) are shown by 
dotted lines, and the Curves of temperature for 
st.eudy loss by radiation agreeing wltluthfobserva- 
tioim at top and bottom are show^ by full lines. 

Kmden's curve for temperature, with balance*of* 
radiation and assumed values for the elfect of water- 
vapour, is shown by a chain line. • • 

of radiative equilibrium for tho three eases 
mentioned. Hann’s equation for the variation 
of water-vapour with height i$ stilly assumed 
eft a Wasis of the calculation. 

To the diagram of tho temperatures at 
successive heights which would correspond 
with an equilibrium based on radiation alone, 
tha average temperatures as obtained by direct 
observation have been added; they agree at tho 
giftund and in the stratosphere, but between 
those extremes the actual temperature ^is 
largely in excess of the theorttieal temperature, 
which takes no accoynt of solar radiation. 
The influence of that radiati^ip can be estimated 
by comparing Exner’n curve with thoge based 
on the formula here given. Nor is any account 
taken of^the heat communicated to the air by 
conduction and evaporation water by con¬ 
tact with tho water or ground at tho surface 
K‘ . 


and distributed by convection over tho region 
through which convection extends. We note 
also t)jat the theoretical curve indicates a 
lapse-rafts of temperature above tho adiabatic 
lapse for dry air (10a per 1000 m.) from the 
giftiund to 4000 m., so that convection would 
ensue in any case. The difference of tempera¬ 
ture between the theoretical and actftal curves 
(2) amounts to about 25a between the levels of 
4000 in. and 6000 ni. How the disturbance of 
the temperature conditions in this sense Would 
affect tho distribution of temperature in the 
streftosphere itself is not apparent, but it is 
clear that tho loss by radiation through the 
stratosphere would be greatly in excess of that 
wliieh passes directly from tho ground, and that 
the atmosphere would be losing heat by 
radiation from the water-vapour throughout 
tho troposphere in addition to that lost by 
direct radiation from the ground. 

§ (13) Convection in Relation to En¬ 
vironment. —The other chief physical process 
by which thermal changes are effected in the 
atmosphere is convection. The rudimentary 
phenomena are familiar as experiments in the 
physical laboratory, but their application to 
the atmosphere entails serious complications, 
because the environment in which the changes 
tal^e place is not by any means the homo¬ 
geneous* medium which is generally assumed in • 
the explanation of*an experiment on thermal 
convection in t-fte laboratory. Its temperature 
tijjd pressure, consequently its density and its 
•statical relation to any specimen of air in 
contact Villi it, change normally with height 
on 4he forage, and quite irregularly with 
height from timeftto time. Moreover, tlm air 
itself, %hich rises or sinks in consequence ot tho 
initial stages of convection, changes its pres¬ 
sure and tem[Wraturc*with the change of height, 
and tho changes for any finite displacement 
depend up^fi the uncertain condition whether 
condensation of the water-vapour sets in or not. 

I • Air warmed to the extenjt of la abflve its 
i environment at the surface would rise through 
its environment liko air in a laboratory, but as 
*it rose it would cool %t. the rate of la per 100 
metros. If the temperature of the environ¬ 
ment fell* off at the rate of half a degree per 
1,00 metres, tlfe rise would terminate at 200 
metres, an elevation which is very high com¬ 
pared with a laboratory enclosuft) but not of 
very giWat importance on the meteorological 
scale. • • 

It follows that Apward convection, as usually 
understood in physical writings, can only 

1 Homogeneous iifnot a good word for this purpose, 
as it generally Implies merely uniform composition. 
The term inoptnhic would be \^ry useful in this con¬ 
nection, as signifying, on the analogy of isothermal, 
that all the physical quantities—pressure, tewffpora- 
ture, and density * had the same value throughout 
the region considered. But objection has been tuken 
to the use of isopteth, except in a restricted sense, 
which is not appropriate here. 
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proceed when the existing variation of tem¬ 
perature with height in the environment is 
greater than the variation which wow'd take 
place in the air considered if its height were 
changed in like manner. 1 This is a very 
serious limitation of natural convective pro¬ 
cesses. 

Thus diy air can only ascend automatically 
by convection in an atmosphere which is 
itself in convective equilibrium and has the 
adiabatic lapse-rate for dry air, and per contra 
dry air can only descend automatically -In a 
region where there is convective equilibrium of 
dry air. On the other hand, if condensation 
begins in the ascending air tho further aseqnt 
can go on automatically if the lapse-rate of the 
environment is not less than that of the ascend¬ 
ing saturated air. 

§ (14) Resilience due to the Difference 
from Convective Equilibrium. —Unless the 
environment is itself in convective equilibrium 
for dry air, warmed dry air cannot ascend 
automatically beyond a certain limit, which can 
easily be calculated. If saturation supervenes, 
then the air may continue to rise along the 
saturation adiabatic (see § (22)) if tho lapse-rate 
in the environment is as great or greater than 
that of tho saturation adiabatic.^ lienee the 
continued upward motion depends on the 
' temperature of the environment, and, as we 
have seen in § (7), the state of t|ie environment 
from this point of view may be expressed by 
its realised entropy. Wc have also noted tin t 
from the distribution of entropy arises the 
capacity of a layer of air to act as a “ deck ” 
or ceiling, preventing any vertical motioiy.nd 
therefore limiting the motion of the atmosphere 
to horizontal layers. Thus each layer of the 
atmosphere has a certain capacity for produc¬ 
ing forces of restitution in vertical displace¬ 
ment which give it resilience, one of the elastic 
properties of a solid. 

Hence the realised entropy of a layer com¬ 
pared with the la>yer beneath or above is an 
index of its resilience; where the variation of 
realised entropy with height is zero there is 
no resilience even for dry air, but where the 
realised entropy increases with height more 
rapidly than entropy can he supplied to dry 
air by automatic condensation of water ^ho 
layer is resilient even to saturated air. 

§ (15) PENkTRATIVE AND CUMULATIVE CON¬ 
VECTION. —The process of convection tfo which 
we have been referfring-will naturally be under¬ 
stood to bo the penetration ol the uppeif layers 
by a limited mass of air specifically lighter than 
its environment, or, on the’other hand/* tho 
descent of a limited mass of ajr specifically 
heavier than its environment. In either case 
it is gravity which supplies the driving power, 
in the first case by pushing the lighter air up* 

1 .Shaw, Forecasting Weather, 1913, p. 175 (Con¬ 
stable <£ r Co.). 


warihand closing in to take its place, and in the 
second case by the excess Weight of the mass 
itself which displaces the air beneath, leaving 
the space which it originally occupied to be 
filled by the environment, with such adjust¬ 
ment of levels as may be necessary. 

In the typical experiments, penetrative con¬ 
vection is set up by local heating, and the fluid 
which replaces that which has ascended, itself 
becomes heated in turn and ascends ; thus the 
horizontal motkm y (),f the fluid on its way to 
replace the ascended fluid is regarded as pafx 
of the penetrative convection, and indeed an 
index o' that convection. It is necessary to 
point out that this is not always tho ease in 
tho atmosphorc. The air which flows towards 
the central region of a cyclone does not 
necessarily form part of a continuous vertical 
circulation. It may simply accumulate in a 
gradually increasing mass of air which has no 
penetrative capacity, so that the progress of the 
convective action may either he arrested or pass 
to other parts of the environment. As the 
mass of air accumulates it may increase in 
thickness, and physical effect*} may he produced 
either in its own mass or in that of the air 
above it by the elevation due to the gradual 
accumulation. Such an accumulation of air 
maj bo caused dynamically in the atmo¬ 
sphere by the flow of air from high pressure to 
low pressure across isobars, on account of tho 
fyet that the friction of the surface reduces 
the velocity of the layers near the surface 
below that which is necessary kinematically to 
balance tho distribution of pressure (seo § (8)). 
It is desirable, therefore, to draw a distinction 
between the lifting -of the air over a large 
region by the accumulation due to the flow 
across isobars, and tire penetrative convection 
due to the specific lightness of a limited mass 
<of yir. YVeyvill call the general lifting due to 
gradual accumulation Cumulative convection . 
The sum kind >f process takes place in tho 
opposite direction. Air flows away from high 
pressure to low pressures hut it does not follow 
that there is anything that can be legitimately 
••called a 'edeset .iding current ” in the eqptral 
region of the area of high pressure : there may 
be instead a gradual loss of air or decumulation 
over the whole region winch entails a slqw 
settlement and nothing mo ye. 

£ (16) The Relation of Vertical Flow To 
Horizontal Flow. —The importance of the 
distinction between penetrative convection 
and cumulative or decumulativo convection 
acquires added weSght in view of the relation 
of the horizontal motior across the isobars to 
the motion in the vertical over the central 
region. There aro thre<f typical distributions 
of velocity with which any ascertained dis¬ 
tribution of velocity at the earth’s surface 
would naturally 'oe compared ; the first is that 
of a uniform current represented by straight 
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isobars, tho second a region in whilh the 
velocity at anf point is directly proportional 
to the distance of the point from a central axis, 
and the third a region in which the velocity is 
inversely proportional to the distance of the 
point from a central axis. * 

If we consider the behaviour of air flowing 
from “ high ” to “ low ” with a certain inclina¬ 
tion a of the flow to the line of tho isobar which 
marks the direction of undisturbed flow, we 
can see that, in the east^ straight i:|>bars, the 
•constant inclination a implies that tho air is 
flowing across the field represented by tho 
isobars without any loss or gain, so m> upward 
convection is caused or required. Tn the 
second case, in which the velocity may be 
taken as v n r, the flow' across a depth h of a 
circular isobar, radius r, -- 2irv 0 sin ar 2 h, i.e. 
proportional to the area, the same is true of 
every other interior isobar and therefore of 
the l ing between any pair. Consequently such 
a (low requires a uniform loss of air upward 
over*the whole of the area or demands ,a 
supply of air from above, equally uniform 
over the area. the contrary, when the 
velocity-law is that of inverse proportionality 
to tho distance or v = vjr, the flow, with 
uniform inclination across it, over tli^ isobar 
radius r is 2irr Q h sin a, that is, the samft f*r 
each radius* Hence across a vortical circula¬ 
tion of that description no relief is required 
from the uppor air, the flow takes place aerfss 
successive rings without loss or gqjn. 

We cannot, <$f course, claim that the dis-* 
tributions which w r e find in a weather map 
always conform rigorously to tho law v-i) 0 r % 
or v — vjr, nor that the inclination 1>f wincf to 
isobar is always unifoi^ti. ButPthcrc arc cases 
in which the condition^ are suliicieplly nearly 
satisfied to indicate cumulative or accumula¬ 
tive convection. *For example^ tho vch*citf 
of air in an antieycTone is often not unfairly 
expressed as proportional to #he distance from 
the centre; tho inclination of t-fie flow U> the ' 
isobar is not exactly Uniform, but sufficiently < 
nearly so for general guidance. We can there-^ 
fore, apply the calculation in Hfceh a*case. # 
* If wo take as an example the anticyclone of 
March 20, 1907, 1 the radius of ill* isobar of 
3^-4 in. is 275 nautical miles, 511 km., the 
moan rate of outflow at the bottom is estimated 
fflmi the observations at liaroe. North Shields, 
Cutihaven, Paris, Jersey, Brest, Roehos Point, 
and Donaghadoc as l -4 m/s. The volume of out¬ 
flow (assuming the winds to be along the isoktrs 
at 500 m. and the velocity*of outflow to vary 
^uniformly from its value at the ground and to 
be zero at 500 m.) is £7r x x 10~ 3 x 511 km 3 , 
per second, the area Vithin the isobar of 30-4 
in. is 7r*^c(51l) 2 km. 2 , the volume of tho out¬ 
flow distributed uniformly over the area 

1 Shaw, Forecasting Weather, 1013, p. 284 (Con¬ 
stable & Co.). 


implies a settlement at the rate of 70/511 
cm. or 1-5 mm. per second or 132 m. per 
<lay.« In like manner the flow' of air along 
the surface from the normal permanent 
summer anticyclone of the North Atlantic 
ocean works out at a settlement of 80 m. per 
day. These calculations assume the anti¬ 
cyclones in each case to be permanent, so that 
the rate remains uniform. In tho ease of the 
“ filling up ” of a cyclonic depression i^ver the 
North Sea between August 3 and August 0, 
1947, When the pressure difference was assumed 
tc7 diminish with the flow, the filling up by 
inflow at the bottom was computed on the 
jjarne lines to take 2\ days. It may be of 
interest to note that tho water-vapour brought 
within the area of the cyclone by the inflow 
would imply a “drizzling rain” which, if dis¬ 
tributed uniformly over the area, would amount 
to -2 mm. per hour. 

Thus these decumulations of air from anti¬ 
cyclones or accumulations of air at the base 
of cyclones imply a gradual descent or 
elevation of air over large areas, which may 
tako months for the completion of a journey 
between the surface and 10 kilometres above 
it. They are different from penetrative con¬ 
vection, wliich mav represent a current ascend- 
i#g wtyli a velocity of the order of 15 metres 
per minute (one-Jenth of tho rate of ascent 
pilot - ballooryji); these would complete the 
journey of 10 kilometres in 10,000/900, or 11 
Jiours. Thus in a cyclone there may be ar.* 
ascem^ng current even if the minute or tho 
hour is the unit of time, but in an anticyclone 
tlu^week or the month must be the unit of 
time^from the df>int of view of a descending 
current. 

Hence th^ distinction between cumulative 
convection and penetrative convection is also 
the difference between a slow settlement, in 
•which jiiig unless otherwise disturbed, is left 
to the incidental changes that m%y tako 
place in weeks or months, find the phenomena 
l of a descending or ascending current in which 
air may *be conceived of as moving downward 
or upward under adiabatic conditions. 

It is desirable to note that the flow across 
isobars %hicl^ is discussed here is a dynamical 
•cjjoot which will tako place regardless of the 
temperature of^the air which forms the flow. 
Temperature pnly comes in as a disturbing 
cause when the relations between the surface 
and the air above it •beeftme unstable. We 
cart tlfus understand that w arm air or cold air 
may travel along the surface for great dis¬ 
tances and give^ise to notable discontinuities 
of ttnip^ratyrc of the surface which have no 
counterpart in the upper air. 

§(17) Frictional Convection. Eviction 
of Air. —One of the effects of penetrative 
convection which has not hftherto been 
recognised as a meteorological agency, but is 
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.likely to prove of vital importance, is the 
dragging up of part of its environment by 
ascending air in consequence of the eddy- 
motion sot .up by the discontinuity of ihotion 
between the rising air and the environment 
through which it rises. This is a purely' 
dynamical consequence of the motion in 
virtue of fthich the momentum originally 
belonging to the rising air is distributed over 
a muc^ larger volume of air formed by the 
mixing of the rising air with part of the 
environment and a corresponding hiss »of 
kinetic energy. 

Tn some experiments to ascertain the dimen¬ 
sions of this frictional effect of convection the 
author has found that a vertical discharge at 
tho rate of 8 litres per minute through an 
orifice roughly estimated as half a square 
centimetre, abstracted about 80 litres per 
minute from a layer of its environment 10 cm. 
thick. 

We use the term “ eviction ” to denote this 
effect of penetrative convection. 

In the experiment the terminal velocity of 
tho air was about half a metro per second. 
If all the momentum had been conserved, 
which is not exactly the case, the initial 
velocity would work out at 5-5 metres , ner 
second. Upward velocities of that order are 
known to occur in the atmosphere though they 
are uncommon. The reduction of the original 
velocity of the jet would reduce the amount 
of air evicted to an extent not yet ascer¬ 
tained, but the reduction woulcb not bo to 
zero, and consequently the eviction from the 
environment of air which is in process of 
penetaative convection must PA? regarded as of 
real meteorological significance. Importance 
must be attached to it because the abstraction 
of air from any environment in the"atmosphere 
in which there is already some vorticity 
results in tho superposition of the m otion of a 
simple yortex upon tho original motion, and 
the rotation of the'earth itself is a sufficient 
substitute for original vorticity. 1 

Experiment also shows that a corresponding 
result upon the environment ensues when 
fine sand is allowed to fall through the air. 
Tho amount of air evicted in this case 1 has not 
been measured, but it is of the same order ai^d, 
numerically larger than that due to the jet of 
air described. * , 

Thus the jienetration of air, whether' by air 
in penetrative connection or by particles of 
solid as sand, or of liquid in tffe form of * water 
drops, will produce the eviction of air and 
cause effocts which used, perhhps erroneously, 
to be attributed to f-he direct replacement of 
air bv denser air, as in the conventional case 
of connection in a laboratory experiment. 

i 

1 Rayleigh, Pror. hou. Roc., Series A, xelll. 
p. 148; D. Brunt, Proc. Roy. Soc., Series A, 1921, 
xclx. p. 397. i 


TV. 'i*HK Thermodynamic Properties ok 
Dry Air 

As the next step in tracing the changes in 
the thermal state of the air which may be 
supposed to take part- in the maintenance of 
the general circulation and the local circula¬ 
tions of cyclones and anticyclones, s wo con¬ 
sider tho general equations which represent 
the thermodynamic properties of air. Peculiar 
complexity arises in fjljis connection on account 
of the possible variations in tho amount of r 
moisture in tho air, and the complexity is the 
more difl? suit to deal with in a satisfactory 
manner because the range of temperatures 
which have to be considered in dealing with the 
atmosphere extends from about 350a to about 
180a. On the low side this goes 70a below tho 
limit of the classical researches of Ilegnault 
upon tho saturation pressure of aqueous 
vapour, and tho experimental data are scanty. 

The fundamental variable in the thermo¬ 
dynamics of tho atmosphere is pressure, 
because, on the one hand, any motion and 
especially any variation of height entails o, 
variation of pressure, and, on the other hand, 
the-limiting value of the amount of water- 
vapour is controlled according to Dalton’s 
law Ly tho partial pressure of the water-vapour 
when the air is saturated. The other variables 
are the temperature and the density, or its 
ret-'procal the specific volume. 

§ (18) The Characteristic Equation.— 
Tho first equation of thermodynamic relation¬ 
ship is the characteristic equation. For dry 
air the relation is expressed, with sufficient 
accuracy ibr meteorological purposes, by the 
equation » pv=£l{ti 

where p is the pressure, v the specific volume, 
f' the temperature measured from the zero of 
the gas thermometer, anVl It is a constant. 

If the pi assure *rn millibars he represented 
by P, specify volume in cubic metres per 
gramme V, and temperature pn the tercen- 
tesimal scale T, the value of, R becomofr 
1000/1201 a 290,i*or 2-870 xlO" 8 . 

§ (19) The Isentrojmo Equation.—T he 
second relation is that between pressure and 
volumo under adiabatic conditions, that 
when the gas is regarded qs enclosed in an 
environment which.>prevents it receiving or 
losing heat by the process of conduction *or 
molecular diffusion or by radiation. For dry 
air,<.again, the relation is well known, 2 viz. 

pvy-fM, . . . (i)^| 

where p, v have thp .same meaning as before, 

7 is the yatio of the spacific heats of air at 
constant pressure and constant yolume 
respectivelyj and <p is constant so long as the 
transference of h^at is prevented. It follows 
• Sec article “ Thermodynamics,” Vol. I. * . " 
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from the principles of a reversible tl&rmo- 
dvnamio engine that if amounts of heat H, H' 
are required to pass from one adiabatic to 
another at tomporaturos T, T' respectively 
H/T and H'/T' are equal; hence if H/T 
be regarded as a new variable, the erifoojn/, 
it will bo constant for all points afcmg each 
adiabatic, and the change of entropy from one 
adiabatic to another will be the same at 
whatever temperature the ‘change may be 
effected. Hence the lins|jUoEg wliic*. H/T is 
Constant is isentropic, and the value of the 
constant /(</>) will change in consequence of 
the change of entropy from one adi#batif) or 
isentwopic line to another. 

If we suppose the change effected by 
communicating heat at constant pressure the 
change of entropy may be computed. 


dQ cTT A pdv 
•|' '‘T f T 


JT A 

,n\ ar <//) 

, ; f ‘ ■{, ■ 


For our immediate purpose 

0 lip.) 


V 

1000 


lienee 


t.)=r„b>t’Qj. . ( 2 ) 

In order to make use of numerical value! w* 
must measure the entropy from a zero corre¬ 
sponding with some standard temperature. 

In what follows the temperature 200a and tfee l 
prossuro 1000 mb. ha-ve been chiton as the ! 
datum point for entropy, because dry air con- f 
forms with the gaseous laws to that limit or j 
somewhat beyond it, and saturated air at that J 
temperature contains s<» little moidlure that 1 
the difference of its behaviour from dry air is 
of no importance in practice. Oi^ second 
thoughts one would have used#the tempera¬ 
ture of 100a instecRl of 200a an^ so avoided* 
the appearance of negative values in entropy 
which may have to be dealt %ith if*tempera- 
turcs go below 2§0a, as they actually do at 
high levels ove% the eqftator. 

With zero entropy at 200a and 1000 ^nb. we ean # 
find ^he entropy at 4ornpcraturc*T J) and pressure 
lOOO mb. 

From equation (2), if dQ/T is denoted by d<f>, <J> 
bqi>ig the entropy measured from the standard state, 
we have # 

, /T^\Cp • 

■ 

From temperature T„ and pressure 1000 mb. we can 
reach a temperature T and pressure p along the firy 
^diabatic. For the purpose of computation the 
original equation pvt-^ffif)) may be transformed by 
the aid of the characteristic equation into 

'• HT ‘ 


<i >= 


Vo 


where 


7 ,. 

7-1 


• *°g« V ~ log* 1000 »» (T - log* T„). . (3) 

Hence the entropy at p, T is the same a.% the entropy 
at T P , 1(H)0 mb., where p and T are connected with . 
1000 mb. and T„ by the equation 

T 7 -l p * 

. . x p ~ 7 “ R moo' 

• 

T P is the potential temperature as defined 
in § (0), hence the entropy of dry air at any 
pressure and temperature is a simple function 
of its potential temperature represented by 
equation (3), and we can use one term 
or the other as defining the condition of 
the air. 

Having determined the entropy correspond¬ 
ing with a series of isentropics we are now in a 
position to expross pressure and volume in 
terms of entropy and temperature. 

It is perhaps desirable here to point out that 
entropy is not a physical quantity which is 
subject to conservation like energy or mass; 
it is a characteristic quantity like temperature. ' 
Op a diagram of the properties of dry a ir referred 
to temperature and entropy as co-ordinates, thi* 
area of a closed cflrve represents energy. The 
area between # any step of a curve and the 
'Ijpo of zero temperature is the energy required m 
to make the $tep, and the measure of it is the 
integral fTd</>. In like manner the energy 
required* ) make the stop is measured by the 
areif between tluPcurve representing the^step 
and ftie zero of entropy; in other words, the 
heat required for the step is f<fxlT. Hence 
entropy is tffe rate* of change of energy per 
unit change of temperature just as tempera¬ 
ture is tfo rate of change of energy per 
unit change of entropy, and thus entropy 
•and temperature are two corresponding 
identifications of the state of a body—one 
with respect to the communication of heat, 
at constant temporafciro, and the other with 
respect to the communication of energy at 
constanUentropy. . 


V. Thermodynamic Properties of 
• * Moist Air 

§ (20) The Characteristic Equation. — 
When the water-vapour in the air is takon into 
account the thermodynamic equations have 
to !>o changed. * 

Wi new consider moist air as composed 
of X grammes or x kilogrammes of moisture 
added to one kilogramme of dry air. The 
value of X for air saturated under various 
conditions of pressure and temperature is 
given in the following Table IV. ? 




Tails IV.-*Weight Grammes (X) of WXter-vapour in (1-fx) kg. of Saturated Air according to the formula X=622 eUp-e). 
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The characteristic- equation will retain the 
same form for all temperatures above those at 
which saturation occurs and will be applicable 
for all higher temperatures, but in consequence 
of the density under standard conditions being 
diminished by substituting water-vapour for 
air the constant R of the equation will be 
different. ' When x kilogrammes of water have 
been added to the one kilogramme of dry air 
the value of R for the (1 -f :r) kg. for increasing 
pressure will become It', where IV — R(1 + x/e), 
c being the specific gravity of water* vapour. 
The values of R' for different quantitiei of 
water in grammes (X) associated with 1 kilo¬ 
gramme of dry air are given in Table V. 

Table V 

The “ Constant ” of the Characteristic 
Equation for Cnsiturated Air according to 
the Amount of Water-vapour carried ry Onf 
Kilogramme of Dry Air. 


1 x 

It'.* 

! x. 

It'.* 



1 


40 

3055 

• 19 

2958 

39 

3050 

18 

2953 

38 

3045 

17 

2948 

37 

3041 

10 

2944 

30 

3030 

15 

(JUfSl 

35 

3031 

14 

*2935 

34 

3027 

*.3 

2930 

33 

3022 

12 • 

2925 

32 

3018 

11 

2921 

31 

3013 

10 

2910 c 

30 

3008 

9 4 

°912 

29 

3004 

8 

^ 2907 

28 

2999 

7 

2902 

■r- 7 

2995 

•3 

2894 

20 

2990 

5 

2Si,3 

25 

2985 

4 

2888 

, 24 

2981 

p 3 i 

2884 

23 

2970 

-> 

2879 

22 

2972 


* 2875 

21 

2907 

— 

' • — 

20 

2902 

R 

2870 


• For pressure in mb. and density in g/m 3 . 


The values of R' here given may be read as joules 
j>er kilogramme per ten unit, of temperature. 

§ (21) Tice Isentropicj Equation. —Corre¬ 
sponding with the isentropitf equation of 
dry air there is an entropy equation for nSnst 
air, but the- amount of watfer-vapour present 
constitutes a fourth variable', and moreover 
the constants involved in that equation are 
different according as any 'condensed water- 
vapour that there may be, nr may bo due, in 
vieAV of the physical cond itions, takes the 
form of ice or water. The equations jn the 
various forms required to represent the 
diffcVent physical conditions were first given 
by II. Hertz, 1 and were subsequently dis- 

1 Gemmmelte Werle, 1895, Bd. 1. 320; Met. Zeitsch., 
1884, Bd. 1. 4?l. 


| cussq' 1 and rearranged by 0. Neuhoff. 2 The 
peculiarity of Neuhoffs treatment is that he 
deals with a mass consisting of one kilogramme 
! of dry air carrying a quantity x of water* 
vapour instead of a kilogramme of mixture. 

Ti e characteristic equation then becomes 
pv — lVt % where R' — R( 1 + x/c ). 

Tho energy equation takes the form 

. ( 1 ) 

/ , \ O P 

where Q — the amount of energy communicated bf 
transmission as heat; 

^specific heat of dry air at constant 
pressure: 

c/-specific heat of water-vapour at constant 
pressure; 

x — the weight of water-vapour in kilo¬ 
grammes associated with 1 kg. of dry 
air; 

T — temperature; 

A — the reciprocal of the dynamical equivalent 
of heat; 

U(1 l-.r/e) —the constant of the characteristic equation 
for tho air with moisture r; 

6 —the specific gravity of aqueous vapour 
-•(> 22 ; ' ' 

j> -- the pressure. 


x* e< (where e is the vapour pressure). 

, P - e 

Putting dQ— 0 in equation (1), And integrating, 
we get 

« 


where 


1 °s5"’"l 1<> « T- 

Vo • J o 


_ /I I X(e v "/c v )\ /l f-2-023r\ 

AR\ 1 H-x/t ) ' \i \-lm&x)' 


This equation for the adiabatic holds as long as 
| there is no confiensatioiujaking place. 

| Thus ty;e effect of the moisture is merely to change 
the constant ,'>f the adiabatic equation between 
“ pressure and / smperature f ur.'.l. as will be seen from 
the table of the values of X\Tablc IV.) the difference 
1 h general) v very small. 

The Rain Stage. —When the air is saturated and 
condensation of water is occurring, a state of things 
which is conventionally known as the rain-stage, wo 
get water jn the liquid form as well as in the gaseous 
form, and wc have to deal wi ll the heat requi °d jo 
raise the temperaturo of the water und the latent 
heat of thfc vapour. 

Wc get a new energy equation, 8 viz. , 

dQ=( C , l { C )-'T + Td( J T f )-ABT^', . (2) 

where £=x 4-y, where r refers to water-vapour and y 
to liquid water; 

c—specific hPat of liquid water; 
r—latent heat of evaporation of water; < 

p'=» the partial pressure of the dry air. 

3 MeH. Ttoy. l*ntKft. Met. Inst., 1900, 1.-271. tr. 
by C. Ablw 1 *, Smithsonian Miscellaneous Collections, 
Mechanics of the Earth's Atmosphere , 3rd 'Collection, ' 
1910, li. No. 4. 

a Clausius, Mechanical Theory of Heat, 1879, p. 156, 
tr. by W. R. Browne (Macmillan and Co.). 
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For tho adiabatic equation dQ ~ 0, hence 9> 

log ffC log T ! v,10/.rr x 0 r a N 

Alt g T 0 ' All \T T 0 , 
, 'I' .log, 1°/'" Vo 


Alien 


5 T 0 AR \T 




«p + tc = 

J Alt 




AR \ c P 
—3 - 441(1 -1-4*2<)§S). 

^ When the water whioh ^.^ndonsos falls away as 
rain, except for the fraction which remains as 
cloud, the equation will bo altered by having x in 
place of £ in the valuo of m tl and the curve Aprewnted 
by th«equation has been called a “ pseudo-adiabatic ” 
lino. It will be more convenient to call it an 
“ irreversible adiabatic,” while the curve which 
assumes the retention of tho water is called a 
“ reversible, adiabatic.” 

In these equations values can be assigned for the 
various constants, anil a series of curves corresponding 
with the various values of £ can be plotted both for 
tho reversible and the irreversible adiabatics. 

For tho purposes of this article, in which 
wo propose to deal only with the more general 
aspects of the tTiertnoilynamic processes, the 
thermodynamic theory might well have stopped 
with equation ( 3 ) and the whole process have 
been regarded as tho condensation of wateg. 
We should ttoen liavo disregarded tho amount 
of heat set free by tho freezing of water into 
ice which occurs when hail is formed ; and yjje 
should also have neglected the change in tho 
latent heat which is introduced vv'hen water- 1 
vapour is converged directly into snow and tho 
change in the specific heat of the condensed 
moisturo when ice is prodyced instoatbof watbr. 
These omissions aro not of arn& serious prac¬ 
tical importance, heeaulli on the one hand tho 
formation of hail is a comparatively exceptional 
occurrence depomimif upon (^rcumstaqceso 
which aro not yet* amenable to rigorous 
dynamical or thermodynamic^ treatment, and 
on the other hand*the amount of water-vapour 
in the atmosphere belo*v tho freezing-point is 
so small that tfie differentiation between the 
latent heat of vapour from iy as Compared* 
Mith*wator leads utf into niceties which are a 
long way beyond tho limit of the, practical 
application of tho equations to tho atmo- 
spnere. In fact our knowledge of the 
physical properties of wiy^er in the* neiijh- 
boqj’hood of the froezing-point is altogether 
on a different, plane from that of our capacity 
to deal with the meteorology of the atmosphere 
in the regions whore such ofiangos occur. As 
a physical exercise t^e modification of the 
equation to deal with the* freezing of water 
and the condensation into ico has f^mo in¬ 
terest, ajid wo therefore reproduce it although 
its application in detail to tho circumstances 
of the actual atmosphere will lot detain us. 

The Ilail Stage. —The third stage in the 


gradual process of dynamical cooling of a - 
mixture of air and water-vapour, namely, that 
which concerns the freezing of the condensed 
water Supposed to have been retained with 
the cooling air in its ascent, is called by von 
Bozold the hail stage. 

Tho total water content £ will now be made up of 
three parts, x vapour, y water, and s' ice, ho that 
t-—-x | yVz. The freezing will take place at a 
constant temperature, and will bo consequent upon 
reduction of pressure and expansion of Volumo 
with w^rk on the environment. 

The energy equation is 

dV 

dQ—ART 0 — ! rdx - r e dz, 

• 

whore V is the specific volume of tin: air and r e is 
tho latent heat of fusion of ice. 

Since the process is adiabatic, dQ =0 and we get 


0- 


ART„ , V 

Yq ,0 tf v “ \ r(x- x Q ) ~ r e (z - z 0 ). 


log, 10 

Mince tho change is isothermal, V/V 0 and 
x—t{ejp'), and as at the beginning ~ —0 and at tho 
end y -- 0 the equation becomes 

1 log, 10 r 

AHT„ 


, 1 log, 10 r i r e 

Hl ‘ V Air r."- 1 '* 1 '* JV 


K’« 1° r,_ 

a » Ain'o 

Numeric*! values can now be inserted to determine 
the change of pressure during the process. 

The Snow ‘Stage.-— The final stage in the 
> gradual process of dynamical cooling, called 
IJy von Bezold the snow stage, deals with the * 
condensation V>f water-vapour to ice or snow 
under adiabatic conditions. The equation is 
siihijar to that (yr the rain stage, with (.ho 
substitution of the specific heat of ice, c f *()•;">, 
for that of water and tho addition to r of r e , 
the latent hyat of fusion of ice (79 grammp- 
centigrade-thermal units). 

,, 'J’he diffcjj^ntial equation for the adiabatic thus 
becomes ’ 

’ o-(c,i'w(,^(r-ii,)) - Ain"'' 

and integrates to give 
log 
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from which by substitution tho adiabatic curves for 
air saturated with vapour Iadov? the freezing-point 
can be drawn. 

A transcript of tho curves obtained by Ncuhoff 
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from these equations, with pressure and height, as 
co-ordinate axes, is given in Fig. 15. 



Fig. 15.—Adialmtics for Saturated Air, referred to 
temperature and height as co-ordinate -axes, 
with lines of pressure in the upper air corre¬ 
sponding with the standurd pressure 1013-2 mb. 
at the surface. 

The pressure is shown by full lines crossing the 
diagram, and the adiabatic lines for saturated air by 
dotted lines. The short full lines between the ground 
and the level of 1000 metres allow tlie direction of the 
adiabatic lines for dry air. 

VI. The Mechanism of Thermodynamical 
Processes in the Atmosphere 

§(22) ENTROrY-TEMPERATCJRE DIAGRAMS.— 
The equations which have been adduced in the 
previous section enable us to follow the change ' 
which must occur when air mixed with a ! 
specified amount of moisture is subjected to 
the changes of pressure incidental to* changes 
of height, or other circunfttanccs, provided 
that we are able to assume the conditions to 
be adiabatic. There are two considerations 
which might he held to inValidate^chat assump¬ 
tion. One is that the change of pressure is 
not infrequently due to relative motion be r 
tween the air “ under reference ” (to borrow 
an official phrase)-and its environment, and * 
any relative motion between adjacent masses 
of air implies eddy-motion and consequent 
mixing ; tho second is tloit the air is certainly 
not completely protected against loss or gain 
of heat by radiation, and consequently the 
adiabatic condition cannot be rigorously com¬ 
plied with. The importance of these con¬ 
siderations depends upon the volume of the 
air under reference in the first case, fend the 
duration of the opera to ns in the second case. 

It would require an elaborate investigation 
to lay down with precision tin extent to which 
tho adiabatic condition is ir varied in actual 
circumstances, and in either case it is pre¬ 
ferable to assume that the adiabatic condition 
is rigorously maintained, and trust to dealing 
with any deviation from thrfc condition as a 
correction, or otherwise, when the consequences 
of adiabatic changes have been deduced. 


In /die classical discussions, pressure (in¬ 
directly representing height) and temperature 
have been selected as the independent vari¬ 
ables ; adiabatic lines corresponding with 
specified conditions, as for tho dry-air-stage 
beforf* condensation occurs, tho rain-stage 
when water is being condensed or evaporated, 
the hail stage when the water suspended 
mechanically is transformed into ice, or vice 
versa, and the snow stage when there is direct 
transform ttion fn>m vapour to ice, or vice versa, 
have been plotted in' tho diagram. The addi¬ 
tion of another set of lines gives the amount 
of water/n the mixture in the form of vapour. 
The arrangement is very convenient for com¬ 
bining a groat deal of information in a singlo 
diagram, but if wo wish to deal with tho 
subject from the point of view of energy— 
and that is the chief object of thermodynamical 
reasoning—the recognised independent vari¬ 
ables are pressure and volume of unit-mass, or 
alternatively the entropy and temperature of 
unit-mass. With either pair of variaUcs an 
“ indicator-diagram ” can be constructed which 
represents energy by area, in work units in 
the one case and in hea t units in the other. 
Hence it is desirable to construct, from the 
information which is supplied by the equations, 
i/ulKator-diagrams applicable to the various 
conditions in respect of moistmv, to set out 
the isothermal lines and isentropic lines as 
referred to co-ordinates representing pressure 
and volume, and to space consecutive isentropic 
lines according to equal steps of entropy; or 
alternatively to set out the isothermal and 
isobaric lines as referred to co-ordinates repre¬ 
senting t emperature and entropy. Tho latter 
alternative is .preferred, because it brings into 
the open a difficulty riiich cannot be evaded, 
and which arises from the changes in the 
amount of yitfiter-vapour v.i the air in conse¬ 
quence of the falling out of the condensed water. 

The difficulty. arises in this way: the 
diagram has to be constructed for a definite 
mass of working substance, namely, a mixture 
of air and water, and in order that thermo- 
I dynaniioa’ reasoning may he applicable the 
j processes must be reversible. In the churns 
of the air’p history, as soon as water falls out 
the conditions ceaso to be satisfied, and further 
operations apply to a new substance. 

There is an advantage in recognising this 
difficulty, because it requires us to realise that, 
in dealing with a mixture of which ono com¬ 
ponent is variable, we cannot use language 
which is appropriate only for a substance of 
fixed composition. This is particularly notice¬ 
able in the case of, entropy. For example, if 
we take tho case of air ascending a hill-side 
and descending on the other side, acceding to 
tho common explanation of tho distribution 
of temperature on fdhn, it starts as a partner¬ 
ship between air and water, each contributing 
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to the entropy of the mixture. On the .way 
one of the partners falls out, and in doing so 
hands over his store of realised energy to tho 
other, thus leaving tho other much morn 
favourably situated in respect of entropy than 
when he started, and yet having gone tlmgtgh 
an “ adiabatic ” process. 

In like manner it has been pointeef out by 
Dr. C. W. 13. Normand of the Meteorological 


dry air as tho substance that goes through the 
thermodynamic changes, and tho water carried 
with it an a possible supply of heat. Jn 
ordinary circumstances the amount of water- 
vapour is so small, compared with the air 
which carries*it, that no important error will 
be introduced if we neglect the other aspects 
of the effect of water-vapour. • 

We ha^'c therefore transformed the figures 


« Table VI , 

*% ^ 

Saturated Air a 

Tomperaturcs at specified pressures along lines of sptfilicd entropy computed for 1 kg. of dry air 
saturated with x kg. of water-vapour (uegfcetiruj tlio adjustment for the “ hail stage ” of true reversible 
adiubathes). The entropy realised at the standard pressure of 1013-2 mb. and at the temperature of the third 
column is set. out in the second column. The figures in eiufh horizontal row are for an adiabatic line. 

The entropy is measured from a zero defined by T=200, p^lOOO mb. 


i Entropy. 




• 

Pivmiurv in Millibara. 





Total. 

Rc.iliseil at 
U)i;t :i luh. 

1013 2. 

1000. 

'.MX). 

wo. 

700. 

000. 

500. . 

too. 

.TOO. 


1110 

• 

•J/a. 

J/«. 

„ 



Ti-inl>i!l:itlilrs 

"■ ! *■ 

•II till- Ti¬ 
lt. 

n. 

i! St-ali-. 

a. 



655 

415 

303 

302 6 

299-1 

295-2 

290-8 

285-5 

279-0 

270-9 

260-1 

241 0 

l9J>-5 

622 

409 

«01 

300-5 

297-0 

293-0 

288-3 

282-8 

275 9 

267 7 

255-8 

234-7 

193-0 

563 

402 

299 

298-5 

294-9 

290-8 

285-9 

280 0 

272-8 

264-3 

251 *2 

228-1 


566 

395 « 

297 

290-5 

292 8 

288-4 

283 3 

277 3 

270-1 

260-9 

246-5 

222-7 


541 

388 

295 

294 5 

290-7 

i»86-2 

280-9 

$:? 

265-1 

257-0 

241-5 

21(1-7 


517 

381 

293 

292-4 

288-4 

28*8 

.278-3, 

275-7 

264-0 

253 0 

236-8 

211-3 


496 

3*75 

291 

290-4 

286-3 

281-5 

209-3 

260 9 

249-1 

232-0 

206-7 


476 

368 

289 

288-4 

281-2 

279 2 

273-1 

266-4 

257-5 

2?5-() 

227-5 

202-7 


457 

361 

287 

286-4 

282-0 

276-8*270-7 
274-4 j 208-3 

263 6 

254 f 241 1 

223 2 

198-3 


439 

353 

285 

284-4 

279-7 

201) 7 

250-7 

237-2 

219-2 

194-7 


423 

346 

283 

282-4 

27t-G 

272-1 

2 •* 

257-8 

247 -3 i 233-5 

215-2 

191-3 

.. 

407 

339 • 

281 

2HO-4 

275-4 

269-9 

263-2 

204 f) 

244-0 

229-8 

211-7 



393 

332 

279 

278-4 

273 2 

2(17" 

260-7 

251 9| 

240-9 

220 ti 

208-5 



379 

325 

277 

27114 

271-2 

2(15*. 

2*8-0 

3jj-ifl-o 

237-5 

223 4 

205-5 



365 

318 

275 

274-4 

2119 t 

262-9 

255-5 

2|>-0 

234-5 

2*02 

202-5 



352 

310 

273, 

27 2 4 

•267-1 

260-7 

252 9 

2475 4 

231-6 

217-4 

200-0 



338 

303 

271 • 

270 3 

264-^ 

258 2 

250-2 

210-4 

22K.-7 

214-4 

197-2 



325 

295 

269 

268-3 

t 2(12 0 

255-6 

247-5 

237-6 

22(H) 

21 lo 

194-8 



314 

288 

• 2<if 

266-3 

*00-3 

25*4' 

014-9 

234 9 

223 1 

2090 

192 3 



302 

280 

2*5 

264-2 

258-1 

250-9 

242J 

232-3 

TSiij 

206-8 




291 

273 

263 

262*1 

255^ 

248-6 

239 9 

229-8* 

218-1 

204 1 




280 

265 ( 

261 

260-2 

253-7 

246-3 

2*i5 

227-4 

215 9 

202-2 



• 

270 

257 

259 

258-2 

251-6 

244-0 

235-3 

225 3 

213 6 

200-3 




260 

249 • 

257 

250 2 

219 0 

242-0 

2**'-* 

223-3 

21 Mi 

198-4 




250 

241 

255 

254-2 

247^j 

239-7 

230-9 

2*28-7 

221-0 

209-6 

196-4 




,-■« 

233 

•253 

252-P 

245*1 

237 0 

218-9 

207 -6 

104-0* 




2*1 

225 


250-1 

243-2 

2*5-1 

226-6 

216-9 

_J 

205-5 

192-6 


.. 



Note.- -The entropy realised by the dry air at suc.r^sslac stages iu # consequence of the-condensation 
of water-vapour is indicated in the diagram, Fig. 10. 


Office, Simla, in a report recently published 1 
that tho process of evaporation from contact 
with a water surface such as ft wet bulb is 
'■** adiabatic,” because when m steady state has 
i been reached water-vapour is taken up without 
any communication of heat^ the water on the 
bulb takes its boat of, evaporation from the 
air whie't^carries it away. * 

We shrftl do well, therefore, to regard the 

* Memoir of the Indian Meteoroldkical Department, 
vol. xxlii. part i. 


derived %om the Neuhoff equations, extended 
to the lower temperature^ which occur in the 
upper ny-, into entropy-temperature diagrams, 
the first for dry air and the second for saturated 
air captaining qwfititics of water-vapour in¬ 
dicated by saturation lines. The work was 
oarrietf out Ivf Mr. A. W. Lee, M.So„ of the 
Imperial College, and included the extension 
of the tables of th#rmal constants to cover the 
required ranges. The results*of the computa¬ 
tion are given in Table VI. @ 
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j (23) Indicator-diagrams for Saturated 
Air'REFERRED TO “ REALISED ” ENTROPY AND 
'Temperature. —In the course of its progress 
through a cycle of operations the charges in the 
condition of the air can be traced with approxi¬ 
mate accuracy by the aid of two diagrams, one 
for dry air and the other for saturated air, 
provided-that the conditions of the successive 
steps can be specified. As working with two 
diagrams alternately, according as the air is 
satuiated or not, is a cumbrous process, we may 
use instead an approximate diagram in jvhich 
the dry air alone is rogardod as the working 
substance and the moisture is regarded merely 
as a reservoir of latent energy which be- 


— — — lines of equal pressure' 



Flu. JG.—Relation between realised Entropy, Tem¬ 
perature, and Presauroof a kiDgramme of Dry 
c Air which carries with it sufficient Water-vapour 
initially for Saturation to he attained when it has 
risen to a height of 1 kilometre. 

The broken lines show the pressure in millibars, and 
the dotted lines the water-vapour content in gramme?. 

comes realised when condensation takes plac‘d. 
In making this approximation there may be*, 
some appreciable error in the values of density 
and other physical conditions at temperatures 
above 280a, but for the purpose of general 
consideration of atmospheric changes^ &n 
approximate! diagram of this kind is very 
convenient. .Such a diagram was constructed 
for the author by My. E. V. Newnham of the 
Meteorological Office in 1917. From tyeuhoff’s 
equations, extended to the low pressures and 
temperatures of the stratospS’-ere, the isentf opics 
of saturated air are there plotted as an entropy- 
temperature diagram, spacing tWe lines accord¬ 
ing? to the entropy of dry air (measured from 
200a and 1015 mb.), computed from the 
equation d<f>—c^dTjT, at equal intervals of 
temperature. 



,T-he latent heat of condensation'was allowed 
for as the condensation took place, and the;,; 
entropy of the air increased accordingly. In- 
this manner the diagram shown in Fig. 16 was 
constructed. It is clear that on this diagram 
an-adiab&tic line for saturated air is; not 
isentropic for dry air, and the full entropy of 1 ' 
the mixture of air and vapour is not repre¬ 
sented. The entropy shown corresponds only 
with the realised energy; that which still re¬ 
mains /atent i° not counted. Ilenco the use ■ 
of the term “ reafiJod entropy,” which is not 
a very suitable one because it suggests the 
idea of,entropy as a “conservative” quantity, , 
whereas it is no moro conservative than tern-- 
perature. 

On this diagram energy is represented by 
area, along the #-axis by the product 0JT, 
and along the y-axis by the product Td<p. 
If we can sketch out a cycle of operations it - 
is clear that we can obtain values for the 
cnorgy changes in the course of the cycle, and 
thence obtain an estimate of the dynamical 
efficiency of the atmospheric process repre.- 
sented by the cycle. 

§ (24) A Cycle of Oi'ER’ations. —With the 
aid of this diagram we can now try to formulate 
a cycle through which the atmospheric aiF 
may'‘be supposed to pass. We may begin 
“ with air saturated at 300a at >*. (Fig. 17), in 



300 275 250 ] 226 200 0 

Tsmperaturi (Isroentesimal scaleJ 

Fig. 17. —.Suggested Cycle of Operations for Rir 
saturated at 300a at a height of 1 kilometre. , 

the environments equatorial air such as that,^ 
of Java as set out in Table IT. On referenda 
to that table it, will he seen that the valdes’ 
of temperature for successive reductions; of-; 
pressure are less than the temperatures 
corresponding pressures or height in 
adiabatic line for saturated air, starting fcpij£' 
the same temperature 300a until the hdight^^ 
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^kilometres is reached. Consequently there 
18 nothing unreasonable in assuming that the 
equatorial air may rise automatically to 15 
kilometres or more, ropresontod by the point 
B, shedding its condensed water on the way. 
Arrived there at the same temperature a# the 
environment with the water lost, we^see that 
any step downward under adiabatic conditions 
will be attended by a rise of temperature at the 
dry adiabatic rate of approximately one degree 
for 100 metres. The resy^i otf directldoscent 
\ to the surface again may be read off on a 
diagram for dry air to be 360a. Warming at 
that rate would immediately bring tfce tjmi- 
poratiye of tho descending air above that of 
its environment, consequently descent in any 
normal atmosphore under adiabatic conditions 
ia out of the question. We must therefore 
suppose that the next step in its historf is for 
the air to lose its heat, and for that purpose 
we must appeal to the diagrams of radiation 
( Fig. 14). Tho loss may presumably take place 
by airtadiating more than it absorbs, however 
difficult it may he to specify the appropriate 
conditions. Loss of heat need not necessarily 
result in diminished temperature ; instead of 
that the air may % descond until its temperature 
is the same as that of its environment and 
as the air is originally just under the strato, 
sphere and ddfcs not differ in any notable degree 
from its environment, we must suppose the 
loss of heat to be general, and to bo an ineidepf 
in the general circulation which in effect carries 
the air under the stratosphere northward, after 
some long travel, perhaps first westward and 
then northward, turning north-eastward, until 
it is below the stratosphere at some* point X' 
where it can find meaps of descent to tho 
surface at D. The evidence for a direcylescent 
of air through the layers beneatjj is not very 
strong except on tht) e<fid slopos qf the moqn -1 
tainous Arctic and Antarctic lands, such as 
Greenland and tho Antarctic continent, or 
down the cold stapes of other high moun¬ 
tains during thp night hours or in shadow. 
There is very definite descent of air from 
above in the case of line-squalls, frhieh are 
oftnlflon incidents in the later stages of a 
cyclonic depression, but we have ng definite 
information as to the height at which the 
desoent commence^ Under most favourable 
conditions, therefore, we m%y trace the couj^e 
of tjie air to its arrival at the surface some- 
whereabout latitude 60° N. or S. at a tempera¬ 
ture of 276a. To resume its original condi¬ 
tion it has then to find fts way over the 

* Sea surface, absorbing £cat and moisture near 
^fche equator, until it is warm enough and 

moist enough to be saturated again at^OOa. 

This the most generalised form of cyclo 
for the atmosphere. Cycles of more limited 

• extent are presumably possibfe in favourable 
"circumstances. Favourable circumstances are 


indicated by the existence of penetrative con¬ 
vection, and the evidence of penetrative con^ 
vectioi^is heavy raiufall over a limited area. 

§ (25) Che Efficiency of the Cycle.—T ho 
cycle can be represented by tho closed figure 
drawn on the diagram, and the following values 
can be taken from it: 

1. Heat is being absorbed by the*air during 
the passage from D to B through E and A, 
and its amount nmy he estimated as the 
equivalent of the area between DEAf? and 
the lineof zero temperature. 

2f Ileal- is being given out by tho air during 
the passage from B to C, and its amount may 
bo estimated as the equivalent of tho area 
between BC and the line of zero temperature. 

3. The heat which is converted into work 
is represented by tho area ABODE. 

The approximate values as estimated from 
the figure are : 

• Energy taken in : 

(440 - 320)292 + (090 - 440)270 -102540. 

Energy given out: 

(690-320) x 213-- 78810. 

Energy transformed into work -- 23730. 

Efty;ienoy,«0-23. 

§(26)*The Work done in the Cycle.— * 
The question at ofice arises as to what form 
the work of suAi a cycle takes, and in reply 
Vjj may point to the fact that the kinetic 
•energy of the general circulation dcscrihc'd in 11. 
i § (9) is maintained in spite of the losses which 
j takg placl in consequence of friction with the 
*groufld and losses* through eddy-motion # and 
ultimately molecular viscosity. 

There is also the kinetic energy of cyclonic 
circulations iiP the fflrm of tropical revolving 
storms or of cyclonic depressions of middle 
litf’itudes. ^leteorological opinion is divided 
on tho subject. Some writers regard the energy 
hi such circulations as dermal from the*cnergy 
of tho general circulation, whereas others are 
disposed to regard the kinetic energy of the 
(►'more violent winds at*least as the expression 
of the w'ork done in the thermodynamic cyclo, 
of which the fiept stage is the penetrative eon- 
v^cj^on due to*the ascent of cither exception¬ 
ally w r arm and moist air in a normal environ¬ 
ment, or of normally warm and*moist air in 
an exceptionally unstable environment. There 
is experimental evidence^referred to in § (17)) 
to show* that penetrative convection results in - 
the mechanical \«thdraw r a! of a quantity of 
air from the em?ronment of the rising air, , 
whicU may be ten or twelve times the amount 
of tho rising air itself, and such “ eviction ” . 
in an extended region whero there is already 
some relative motfion causes % cyclonic circula¬ 
tion in tho environment. 

In the latter caso the lines of* Fig. 16 will 
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. supply a means of quantitative estimation of 
the process, and sonio support for that view is 
afforded by such events as those w^ich are 
recorded for the depression formed ''over the 
lower part of the North Sea between July 27 
and August 3, 1917. Apparently the depression 
was formed in situ , becoming most fully de¬ 
veloped after some ups and downs on August 3. 
Apparently also it filled up in situ by August 0. 
The numerical paiticulars roughly computed 
appear to be as follows : 

.Diameter of depression, 1400 km. < 

Depth at centre, 10 mb. 

Quantity of air removed to allow for the 
depression, 70,000,000,000,000 kg. 

Quantity of water-vapour, 700,000,000,000 

kg- 

Kinetic energy develoj)ed, 1-5 x 10- 4 ergs. 

Energy available from flic condensation of 
water, 1-764 x 10 25 ergs. 

Time required to 611 up by cumulative trans¬ 
fer near the surface across the bounding isobar, 
days. 

Water-vapour carried into the area by trans¬ 
ference across the boundary equivalent to an 
average rainfall over the whole area of -2 mm. 
per hour. n. s. 


ATMOSPHERIC ELECTRICITY 1 ' 

I. Generai, Account of the Wain Facts and 

Problems of Atmospheric Electricity 

§ (1) Fine W eatiier Effects, (i.) The, Vertical' 
Electrical Force or Potential Gradient. —Let us 
suppose that on a lino clear day we make 
observations on the electrical conditions over 
the surface of a level field freely exposed to 
the sky. We shall find that Jtho ground is 
negatively charged, in other wrirds that, there 
is a force tending to move a positively charged 
body in the atmosphere downwards, or again 
that work has to be done in moving a positively 
charged body upwards. Quantitatively therb 
are three equivalent ways of describing the 
results of our observations : wo may say that 
there is a certain negative charge <r per sq. cm. 
of the ground, or a vertical downward electric 
forcoi F — 47r<r, or that the potential* V in the 
lowest layers of the atmosphere increasescyith 
the height, the rate of increase dV/dh being 
equal to F--4 tct. It is generally in terms of 
dVfdh, the potential gradient, morfsurod in 
volts per metre? that the results of such 
observations arc expressed. 1 

Tho average magnitude of the positive 
potential gradient in fine Veathor is <£ the 
order of 100 volts per yietre, eorgpspondiag to a 
negative charge on the ground of 3 x 10" 4 e.s.u. 
per sq. cm. or 3 e.s.u. - 10 _J> coulomb per sq. 
mot re. » 

1 The numbers inserted in the text refer to papers 
in the list at Cue end of the article. 
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The potential gradient at the earth’s surface 
is continually varying; in addition to irregu¬ 
lar variations which largely depend on local 
meteorological conditions, thero are well- 
marked annual and diurnal variations. The 
avifago \foluo of the potential gradient and 
tho character of its annual and daily varia¬ 
tions differ at different parts of the earth’s 
surface. 

The potential does not continue to increase 
unifornfly with increasing height above tho 
ground; the potential gradient soon begins 
to diminish, and before a height of 10 km. 
is reached the potential has become almost 
independent of the height. Thus tho potential 
of the whole upper atmosphere above regions 
of fine woathor is probably less than 1 million 
volts. 

Tho diminution in the vertical force with 
increasing height implies that tho lower 
atmosphere is positively charged. ’Hie lines 
of force which start from the negatively 
charged ground nearly all end (on p<Mitively 
charged dust particles or on positive ions) 
below a height of 10 kilometres. 

(ii.) The Air-earth Current .—The normal 
vertical field of the atmosphere tends to 
drive positively charged bodies downwards, 
negatively charged bodies upwards; the 
motion of such charged bodies under tho action 
of the electric field constitutes an electric 
•urrent. Positively and negatively charged 
bodies—ions-are in fact always present in 
tho atmosphere, which has in consequence a 
varying electric conductivity proportional to 
the number of ions per o.c., the charge carried 
by each and their mobility (i.e. the velocity 
with which they moyo through the air under 
the action of unit Jectrio force). The con¬ 
ductivity aiyl the sources of the ionisation to 
wjiich it is* due havd" formed tho subject of 
many investigations. 

Tho current vhich flows from the atmosphoro 
into unit area of t he groumLundor the influence 
of tho normal potential gradient of fine weat her 
may he found by determining the two factors 
on whicL it depends—the potential gradient 
and the conductivity. It may also be obtained 
by direct measurement. The average air- 
earth current is about 2 x 10~ lft ampere jper 
sq. cm. =2 miero-amperos per sq. km. or 
a ( bout 1000 amperes for ah area equal to that 
of the whole surface of the earth. * 

While the absolute magnitude of the air- 
ej*rth current as thus determined is small, it 
is large enough t6 convey from the atmosphere 
to tho ground in one ipinuto a positive charge 
of tho order of one-tenth of the negative, 
surface charge on the gVound. As tho ground 
nevertheless maintains its negative charge 
there must he some comjiensating process 
continually conveying a nogativo charge to 
the earth. To find the aourco of this air-eaftli 
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current, or to account for the maintenamp of 
the potential difference between the upper 
atmosphere and the ground, in spite of the 
conductivity of the intervening air, is one of 
the main problems of atmospheric electricity. 

§ (2) Effeots of Showers and !Thuniier- 
storms. —The electrical phenomena w^ich are 
associated with showers and which roach their 
full development in thunder-storms are very 
different from those of lino, weather. The 
potential gradient at ground |iay bo 
eithor positive or negative and frequently 
changes sign Tim vertical eloetric force at the 
ground frequently exceeds 10,000 v^Jts per 
metro,#or. 100 times the normal fine wcatnor 
gradient, and its magnitude and direction may 
change suddenly owing to lightning discharges. 

The exchanges of electric charge between 
the earth and atmosphere are also of much 
larger magnitude than those which occur 
in lino weather, and the direction of the current 
between the earth and atmosphere is continu¬ 
ally vifrying. 

There arc three ways in which a positive 
or negative charge may pass during a shower 
from the atmosphere to the ground. The 
rain or other fyrm of precipitate may it¬ 
self be charged and thus carry a convection 
current, directed downwards or upwards 
according as ?is charge is positive or negative. I 
There is evidence that, on the whole, more 
positive than negative electricity is in thy | 
way transferred from the atmosphere to the 
earth. These convection current,s rarely ’ 
exceed 10" 13 ampere per sq. cm. or 1 milli- 
ampere per sq. km. 

In a thunder-storm lightning discharges * 
may pass between a cjoud and the ground. 
These may carry positive electricity from tho 
cloud to tho earth or from t.he^eartfi to tho 
cloud ; on tho whoto tffo results <qj)tuincd thus, 
far indicate a greatoi* frequency of the 1 after 
kind of discharge. The average ^quantity 
discharged in a lightning Hash is of the order 
of 20 coulom hs fc so that in a storm in which 
several such discharges occur per minute the 
average current between the •cloud and the * 
L%rtfi due to lightnTng flashes is of the order 
of 1 ampere. # 

Jn addition to lightning discharges continu¬ 
ous conduction currents must traverse the 
surface of the ground hclo^v a thundor-cloi^d; 
they have their sign determined by that of 
the vertical electric force and may thus l>e 
either upward or downward. The magnitude 
of such currents through*unit area of the 
ground may greatly o^eed that of the ordinary 
air-earth current of fine weather; it is likely 
to exceed it in a ratio much larger t.Jjan that 
of the •ploctric fields causing the currents. 
For not only may there be additional sources 
of ionisation due to the rain* (evaporation of 
chargod drops and splashing at the ground). 


but the electric field at tho ground may itself 
be strong enough to produce numerous point 
discharges which together carry a large 
current. #The continuous conduction current 
between a thunder-cloud and the ground 
probably exceeds that carried by lightning 
discharges. 

Further observations arc roquir<*d to de¬ 
termine whether the throe types of current 
below shower clouds give, as their resultant 
effect over the surface of the earth, o« tho 
whole a transference of positive or of negative 
electricity from the atmosphere to the earth ; 
and in the latter case, whether this excess of 
negative charge is sufficient to compensate 
approximately for the positive charge carried 
down by the air-earth current in the regions 
of fine weather. 

§ (3) The Electrical Conditions within 
a Thunder-cloud.— The magnitude of the 
electric force near a thunder-cloud or within it. 
must, in order that it may cause a lightning 
flash, reach values which approach 30,000 volts 
per'em. This is very large compared with 
the highest potential gradients observed near 
the ground ; the diminution in the electric 
force near the surface of the earth may bo 
due to the liyes of force either diverging with 
increasing distance from the charged portion 
of Tho cfoud from which they start or ending . 
before they reach flic ground. 

A thundor-efbud may be regarded as ail 
ffdjotric machine by the action of which a 
■vortical separation of positive and negative 
electricity is produced. It is thus essentially 
bipolar, fsqual and opposite charges being 
'sepf#atod in the upper and lower parts of the 
cloud^in a given time. Tho charges ol*the 
two poles of the cloud are, however, not likely 
to remain eqffal, on # account of differences in 
their rates of dissipation. 

, YVo ma^ form some estimate of a lower 
limit to "the magnitude of the charges which 
•may accumulate in thunderclouds by assuming 
that it is not less than the average quantity dis¬ 
charged iu a lightning flash—about 20 coulombs. 

The potentials within the charged portions 
of thunder-clouds probably roach magnitudes 
of the order of 10® volts. s 

f n estimate* of the rate of separation of the 
charges in a thunder-cloud, ?.e. of tho vertical 
current through* tl\o cloud, may be derived 
from ttio rate at which the electric field 
destroyed by a lightning finish is regenerated. 
This method gives a few amperes as the prob¬ 
able order of magnitude of the vertical current 
through a thunder-cloud. 

IV positive or negative charge carried 
•within tho eftmd from the lower to the upper 
pole may recombine with that of tho tower 
pole by direct discharge through tho cloud. 
It may, on the other hand, pass to earth by 
lightning discharge or othcrwiqp and thence 
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‘'to the lower pole. But it is possible that an 
important part of the current from the upper 
polo of t-he cloud may go to the conducting 
layers of the uppor atmosphere, which form 
. with tho earth a condenser of considerable 
capacity. Tho potential of the upjier atmo¬ 
sphere above regions of fine weather is, as we 
have seoiiiumly of the order of 1 million volts, 
a value which is small in comparison* with the 
E.M.F. of a thundor-cloud, which is probably 
1000 c'.imes as groat. 

§ (4) Effects of Thunder-storms on the 
Electrical Condition of the Upper Atmo¬ 
sphere. —The conductivity of the air between 
a thunder-cloud and tho upper atmosphere 
is largely due to ions dragged out of the con¬ 
ducting layers by the action of the electric 
field of the cloud. This conductivity will 
be greater if the cloud is of positive polarity 
(i.e. having its upper polo positive), since the 
negative ions which will under these conditions 
bo dragged out of the conducting layer have 
much groater mobility than the positive ions 
which would be dragged out by a cloud of 
negative polarity. Unless, therefore, clouds 
of negative polarity greatly exceed in number 
those of positive polarity, an excess of positive 
electricity is likely to bo transferred from the 
earth to the uppor atmosphere by the action 
, of thunder clouds. It is possible thito it is in 
this way that the positive potential of the 
upper atmosphoro and henob the normal 
positive potential gradient of fine weather are 1 
maintained. 

The frequency of thundor-storms varies 
greatly over the surface of the fcarth. It 
is not easy to form an ^estimate of uheir 
total average frequency for tho whole '‘earth, 
but it is probable that the average number 
of thunder-clouds in action at'ia given time 
oxceeds 1000. *Hio effects of thunder-storms 
and showers on the electrical contrition of the 
upper atmosphere may thus be considerable, 

- and may have to be taken into account noti 
only in considering the atmospheric electricity 
of fine weather, but also in connection with 
terrestrial magnetism and auroras. 

§ (5) Mechanism of Thunder-clouds.— 
The mechanism by w'hich the separation 
of tho positive and negativei charges ip a 
thunder-cloud is effected has been a matter 
of much controversy. yhere is within a 
thunder-cloud an upward rush of air, and it is 
, generally agreed t^at c the electric field within 
the cloud is produced by the large drops or 
hailstones and the smaller particles of the cloud 
acquiring charges of opposite; sign, the charge 
associated with the cloud particles being 
carried up by the air stream, w^iilo the large, 
drop; carrying the charge of opposite sign fall 
rapidly relatively to the air. As to how the 
original partition of tho positive and negative 
electricity between the large and small drops 


is effectod there has not been tha^same agrees * 
inont; "the principal theories are discussed 
briefly in Part IX. * 

. # 

II. Measurement of the Atmospheric 
Electric Field 

§ (6) Methods of measuring the Field.— 
The sign and magnitude of tho vertical electriep 
force at tho earth’s surfaco do not appear tojf 
havo oyyr been determined directly in torms of „ 
tho forco exoHod on a body which carries a 
known charge of electricity; the method is by 
no means an impossible one, especially for the 
study of very rapid variations in tho electric 
field. 

(i.). By Measurement of the Charge on an 
Earth-connected Conductor .—A method W'hich is 
easier in practice is that in which the sign and. 
magnitude of the charge on a levol portion of 
the ground is observed. Tho quantity to bo 
measured is small in fine weather—of the order 
of 3 e.s.u. (electrostatic units of elocffricity) 
per 8q, metre ; the method is more particularly, 
applicable in the study of tho intense and rapidly 
varying fields of thunder-storms. Wo may in¬ 
crease the quantity to be measured by deter¬ 
mining, instead of tho charge'on a plane at the 
level bf the earth’s surface, that on an earth- 
connected conductor of simple' form which ; 
projects abovo the general surface of the 
ground. A copper sphere placed at a height 
of some metres above the ground is convenient 
for the pdrpose. The measurement may in 
this caso bo equally well regarded as a deter¬ 
mination of the atmospheric potential at tho 
height oi tho centre of tho sphere. 

The charge induced on an earth-connected 
sphere, exposed in the free atmosphere, with 
its centie at a point p, must be such as to 
bring the potential of the .sphere to zoro ; i.e. 
Q, the charge on the sphere, must be such that 
QJr + V = 0, where r is tho radius of the 
sphere, and V is the potential at p due to 
charges other than that on the sphere. The 
potential V differs from the undisturbed 
atmospheric potential at the point p by an , 
amount which depends oh the charges oir* tk 3 * 
supports of tho sphere and on tho charges ; 
induced on the ground by those of the sphere 
and its supports. If the sphere is exposed at 
a height which is large compared with its 
radius, and if it is supported in a suitable \y;ay; 
the difference between V and the undisturbed 
atmospheric potential at p is small, and the 
correction to be applied on this account may' 
bo estimated. 

The charge induced on the earth-connected - 
conductor, whether this be a “test plate’*, 
level with the surface of the ground of j& 
projecting conductor such as the °olovate& : 
sphere, may be measured by momentarily 
earthing the conductor while it is oxpdae^,' 
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at once shielding it from the earth’s electric 
field (by bringing over it an earthed cover or 
lowering it into an earthed conducting case), 
arid observing the reading of an electromotor 


capacity C x of the whole conducting sytfom 
(in the shielded condition) is knojra, the 
induced charge on tho exposed conductor is 
at once obtained from the potential v l to 
which the system is raised on shielding ; since 
'»! - Q/C,. • 1 

Measurements of the charge on a conductor, 
momentarily connected to earth while raised 
to a known height in the atmosphere afid then 
witluhjawn into a closed conducting chamber, 
were first made by Peltier (1), who appears also 
to have been the earliest worker on the subject 


tho quantity of electricity which flWs a 


in wire connecting the test conductor with 
tin* enroll (7), (8). 

If theitesl conductor be kept exposed, any 
changes in the electric lield are accompanied by 
corresponding changes in the charge on the 
exposed conductor. Tho rapidity of the 
changes which can he followed depends on the 
nature of the electrometer. With a capillary 
electrometer or with one of the gold leaf or 
silvered quartz fibre type, extremely *rapid 
changes* such .as are produced in the field by 
lightning discharges, may be recorded. The 
conductivity of the air introduces a difficulty 
in the interpretation of the results obtained 
wlfen tho conductor is kept exposed, for even 
if the electric field remains constant there will 


to realise clearly that measurements of the bo a gradual change in the rending of the 
“ electricity of the atmosphere ” were really electrometer owing to the flow of electricity 
measurements of tho vertical electric field. from the air into the exposed conductor. 'Phis 
The test plate, sphere, or other conductor may at once be distinguished from a gradual 
may equally well bo earthed while in the change in the cloctric field, since the effect 
shield**! condition, tho oloctrometor being in remains even when the field is cut off by 
this case read immediately after the earth shielding the test conductor. If the potential 
connection has been brokon and the conductor is maintained approximately at zero by a 
has been exposed to t?ie earth’s electric field (2), compensator of any form or by having a large 
(3), (4). In this ^ase the potential indicated by capacity attached to the system, then it is 

the electrometer is v 2 — - Q/C 2 , where C^is the only necessary to shield periodically the 

capacity of tho whole system when the <*>n^ exposed* conductor in order that both the 

ductor is in the exposed condition, and Q is charge (?n the exposed earthed conductor and • 
the charge which would have to be given to the current flowing through it may be separ- 
the conducting system to bring its potential ately measured? 

to zero, i.e. it is tho charge which would be • (ii.) By measuring the Charge and Potential 
induced by the electric field on t/fe exposed * of an Exjtosed Conductor .—The method of 
conductor if eartfi-connected. determining the potential at a given height in 

It is in some ways advantageous to uso the thogatmo.fphere by measuring the charge on an 
electrometer as a null instilment anti to brirtg f eartfl-coimectcd sphere with its centre at that 
the potential back to zero, after tho process heigh? is a particular case of a more general 
of shielding or exposing the test conductor, one. If a sphere be exposed in the atmosphere 

by giving to tho conducting^ system the with its contiC at anoint at which the undi$- 

nocessary charge; *thrt may bo supplied and. turbed potential is V, then, if tho sphere is 
measured by somo ‘form of compensator, ajnall compared with its height above the 

This charge is obviously equ#l in magnitude ground, V +Q/r — v, where Q is the charge on 

to the charge on the exposed earth-connected *the sphere, and t’ its potential. Thifl holds 

test conductor and of the samo or opposite also for a small conductor of other than the 

sign according as it is tho effect of exposing or spherical form if c , its capacity, be substituted-, 
of shielding which is being neutralised (5), (6 ).» for r. If both Q an^ v can be measured we 
•Tile compensator # may conveniently consist can deduce V ; there are two simple eases— 
of a condenser of variable capacitywof which one, already considered, in which v—f) and. 
oi^ of the terminals is connected to the therefore V —Q/r, and a second, in which 

conducting system^while the other is connected Q, r.^0 and thus V -- v. 

to a source of constant potential. A suitable An uncharged sphere suspended in the 
typp of capillary electrometer forms a com- atmosphere is at a potential equal to that of 

pensator of this land which is automatic in the air at the level of ite centre, and the samo 

its action; if one terminal be earthed wjjilo is true»of any conductor of which tho vertical 

the other is connected to a Conducting system, dimensions are small compared with its height 

the potential of the latter is always automatic- above the ground. To measure the potential 

ally Drought to zero by displacement of the of tljp conductor it is necessary to connect it 

.mercury . sulphuric - acid surfaces, ^nd the to one terminal of an electrometer of which 

amounttof this displacement is proportional to the other terminal is earthed. If the ehfctro- 

tho charge given to or removed from the meter and connecting wires t could bo made of 

Conducting system. When*so placed the capacity negligible in comparison with that of 

.capillary electromotor simply serves to measure the exposed conductor we should have an 
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extremely simple method of measuring the 
.potential at a given height. One of the very 
earliest mothods of measurement employed 
in the study of atmospheric oleetriefry—that 
of Beccaria (0), who used a long wire stretched 
between insulators as his conductor—probably 
gives an approximation to the required 
conditions^ A long wire stretched horizontally 
at a height of a few metres over lovdl ground 
and. connected at one end to an electromotor 
of negligible capacity will, even if initially 
charged—as, for example, by momentarily 
earthing it—loso its charge (i.e. come to "the 
potential of the air at its own level) in the 
course of a few minutes as a consequence of 
** atmospheric ionisation. Provided the insula¬ 
tion of the supports is perfect and the capacity 
of the electrometer is negligible, thero is 
nothing tending to give the wire a charge, 
and the electrometer, if rapid enough in its 
movements, will always indicate the potential 
of the air at tho level of the wire, however 
rapid may Ik* the changes in tho electric field. 
It is impossible to secure perfect- insulation 
of the supports, and the magnitude of the 
potential indicated by the electrometer will 
thus fall short of the true potential in the 
atmosphere at the level of the wire; sudden 
changes of potential will, however, be correctly 
"recorded even with comparatively poor in¬ 
sulation. On account of imperfect insulation 
of the supports and of the too' great capacity 
, of the electrometer some equaliser of potent-yd' 1 
or “ collector of atmospheric electricity ” will * 
generally have to be attached to the wire if it 
is to remain at tho potential of the $urroi*ud- 
ing pir* «* * c 

(iii.) By Means of a Collector. —The nfethod 
which has been most extensively used in 
measuring the clectrica? field 4, consists in 
keeping a certain portion of a conducting 
system free from charge— i.e. at ( the same 
potential as the air near it—by means of an 
equaliser of potential or collector. Tho whole* 
conducting system is thus brought to the 
-potential of the air next the collector. For 
absolute measurements care has to bo taken 
to arrange the collector and the conductor 
which .carries it so that the potential in the j 
air near the collector is disturbed as littl^ a? i 
possible by their presence; for comparative > 
measurements of the variations of potential 
at a given point this condition need°not bo 1 
fulfilled. « e 

Lord Kelvin’s water dropper is the form of 
collector which has been most used at con¬ 
tinuously recording stations. A jet of n&tor 
which escapes from a pipe projecting through 
the wall of a building, and which is supplied 
from 1 an insulated cistern within the building, 
breaks up into drops at the point at which it 
is desired to measure the potential. Tho 
insulated cist3rn and pipe are connected to 


the iroedlc of a quadrant electromotor, of which 
tho quadrants Rrc maintained at equal and 
opposite potentials by connecting thorn to 
the terminals of a series of cells of which the 
middle point is earthed. So long as tho 
potential of the insulated system differs from 
that of the air near the point where the jet 
breaks up, the drops carry away a charge 
proportional to this difference ; if the insula¬ 
tion is perfect, the potential of the whole 
conducting system^ will finally become equal 
to that of tho air at the point whore the jot 
breaks up. 

The potential of the insulated system is 
being raised by the action of tho jet at a 
rate proportional to the radius of the drops 
and the number breaking away per second 
and to the difference of potential between the 
jet and the surrounding air ; at the same time 
it is being lowered, mainly by leakage over 
the insulators, at a rate proportional to tho 
potential which it has acquired. The resulting 
rate of change of potential is given by the 
relation Cdr/dt — a( V - r) - hr, where 0 is the 
capacity of the insulated system, a a constant 
representing the current- carried by the drops 
of the jet for unit difference of potential 
between it- and the surrounding air, and b the 
leakage when the potential of the system is 
unity. A steady state is reached when 
drjdt --0, i.e. when t> — Vafta + h). It. is nooes- 
fT-ry that a should be vorv large compared with 
b if the method is to be accurate ; if V remains 
constant v will then finally approximate 
closely to V. 

Let us suppose now that- V does not remain 
constant? but that fjioro is a sudden change 
in the potential gradient- such that- V changes 
suddenly from V, t« V 2 . There will be a 
simultaneous c sudden change in v— the same 
ras f would hffVc occurred if the collector had 
been inoperative and •therefore less than 
V 2 - Vi in a ratio which depends on that of 
the capacity of the exposed part of the con¬ 
ducting system to the capacity of the whole 
system. This sudden change in v will bo 
‘followed t)y a ;omparatively slow change of 
which the rate (if the leakage coefficient - ^ Ik 
negligible,' is given by dr/dt -(V 2 - r)a/C ; in 
most cases a is such that a considerate 
fraction of a minute will t be required for v 
to^ become sensibly .equal to V 2 . Except in 
tho two limiting cases, (1) when—as withdihe 
long horizontal wire considered above—tho 
capacity of the portion of the conducting 
system which is exposed in air at the same 
potential as that near # the collector is vory 
largo compared with the whole capacity, and 
(2) whe* that ratio is very small, tho inter¬ 
pretation of the readings of the electrometer 
during very rapid variations in tho field may 
bo difficult. TUn comparatively long period 
of the quadrant electrometer generally used - 
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in recording installations will, moreovor, of 
itself prcvont voty rapid changes in the electric 
field from being followed. 

There are many other equalisers of potential 
or collectors which havo been used besides the 
water dropper—the flame of a lamjl or caddie, 
introduced long ago by Volta, the. glowing 
match or fuse, sprayers (in which the 
efficiency of the water dropper is increased 
by dividing the water into very line drops), 
and radio-active collector «ffhoir dimpara- 
tive efficiency and tho conditions which 
must be observed to avoid error in their use 
have been investigated by Moulin (10j| 

Continuously recording instruments are al¬ 
most necossarily contained in a building, 
and the wator jet or other collector is then 
generally placed to givo tho potential in tho 
atmosphere within a few feet of tho walls of 
tho building. The oqui potential surfaces 
arc deformed by the building, which for most 
purposes may he regarded as a conductor ; 
tho situation of tho collector is generally such 
that it gives the potential at a point in an 
equipotential surfaco which is more nearly 
vertical than horizontal. To deduce the 
values of the pi^cutiul gradient corresponding 
to observed values of the potential ^t this 
point, we have to do something wliiclf i^ 
equivalent t<* identifying at a distance from 
the building, and over a free surface of level 
ground, the oquipotential surface whiqji 
passes through the effective part of the 
collector. This is most conveniently done by 
making a series of absolute measurements 
of the potential gradient in the nearest con¬ 
venient open space \Wiile tho tecordiitg 
apparatus is at worly A factor is thus 
obtained by which the Recorded values of the 
potential have to be multiplied to give the 
potential gradient in tRe open. ^ # • 

Absolute measurements have generally been 
made by means of a flame# fuse, *>r radio¬ 
active collector, connected to some portable 
typo of electrometer. To avoid distortion 
of tho equi potential surfaces, in the neighbour¬ 
hood of tho point whero the potential is dc- 
tirnlflnad, by the observer and his apparatus, 
the collector should be fixed in the fniddle of 
a horizontally stretched wire or at tho end of a 
horizontal conducing rod, the wire or rod 
being considerably longer than its hci^it 
abrwe the ground (11), (12). 

While the method of measuring the electric 
field by determining tho potential at a point 
in the air by means of a # collector is very 
convenient, especially* in the case of con¬ 
tinuously recording appamius, the methods 
which dojiend on measuring tho charge on an 
oxposed«^ondiictor have undoubted advantages. 
The rapidity of the changes in the electric 
field which can be followed witR such apparatus 
is limited only by tho speed of action of the 


electrometer; the insulation difficulties are . 
enormously reduced, since the'potential of the 
whole conducting system employed may be 
kept as How as wo wish, and the apparatus 
used in this method may be made at the same 
time to serve for the measurement of the air- 
oarth current. 

§ (7) Measurements at a HekRit in the 
Atmosphere.— Special difficulties attend the 
measurement of tho olcetric field in the free 
atmosphere at a height; such measuriRnents 
have hitherto been carried out by observers 
in balloons. We may illustrate the principles 
involved in measurements of this kind by 
considering a spherical conductor suspended 
freely in the atmosphere. If the total charge 
on tho sphere is zero its potential is equal 
to the undisturbed air potential at the level 
of its centre; its upper and lower halves 
carry equal and opposite induced charges pro¬ 
portional to the vertical electric force, which 
produce equal and opposite effects on the 
potential at any point in the equatorial piano. 
Tho maximum value of the electric force at 
the highest and lowest points on the surface 
of tho sphere is three times that of the un¬ 
disturbed electric field ; from the sign and 
surface density of the charges at t hese portions 
of .the sphere we may determine the sign and 
magnitude of the vertical atmospheric electric* 
field. If tho totaPcharge on the sphere is not 
zero, this will no indicated by an inequality of 
tjje charges of the upper and lower surfaces, , 
and thp magnitude of the whole resultant 
charge may easily he deduced and allowed for 
in ^aleulating the magnitude of the midis- 
* turlfid electric field. Instead of the surface 
densifv of the charge (or, what is equivalent, 
tho electric force close to the surface of the 
sphere), the T>lectri<? for<R> at some distanco 
may be measured. The electric force at any 
point is Jig resultant of the undisturbed 
atmospheric lield, of that duo to the induced 
•charges on the two halves of the sphere, and 
of the field due to any total charge which the 
sphere may carry. The two latter components 
’ fall off with the distance according to the 
inverse cube and inverse square law respect¬ 
ively ; a series of measurements of the 
qloqtrie force * at different distances, more 
convenient ly vertically below the sphere, will 
enable these throe components to bo separately 
determined. If these distances are large 
compared with tho rcfclius, tho two last 
compoifents are small, and the observed 
magnitude of the|vertical electric force may 
be fbadily corrected for them, even if the 
conductor deviates considerably from the 
spherical form. 

In actual measurements a balloon take;? the 
plaeo of the spherical conductor, and the 
vertical electric force is deduced from observa- ' 
tions of the difference of potential of two 






collectors suspended at 'different distances at mnny observatories, the apparatus haf-been 
below the ballodh. suitable rather for comparative measurements,. 

: The distortion of the equipotentiul surfaces giving the relative magnitude of the electric 
by balloons, airships, and aeroplanes under field at different times, than for obtaining: 
different conditions has boon investigated by its absolute magnitude. The determination 
means of experiments with models (13). of the “ reduction factor ” required in ordor 

If a sphere at a considerable hoight is con- that wo, may deduce the true value of the 
nccted to ‘earth, the total charge upon it will potential gradient in the open is in most cases 
be large compared with the ehaigOs which somewhat uncertain. In recent years vory’ 

the field would induce on the upper and lower important additions to our knowledge have 

halved of the sphere if its total charge were been mqde by the ^.yarious expeditions to the 

zero; the resulting charge on the sphere will Antarctic, and by the investigations of the. 

thus be everywhere of one sign, but the m«txi- Carnegie Institute of Washington on the 

mum density will be greater above than below, electric condition of the atmosphere over the 
The whole charge Q, will be such that oceans. 

Q/r + V-O, whore V is the undisturbed air The potential gradient in fine weather at all 
potential at the height of the centre of the parts of the earth’s surface for which data are 
sphere. The same general methods as in available is almost invariably positive. The 
the previous case will apply, but it would mean value of the potential gradient is of the 
generally be easier, on account of the large order of 100 volts per metre at all places at 
value of Q, to measure Q (and thus V) rather which tho necessary observations have been 
than the vertical force dV/dh. A source of made. 

uncertainty in tho practice of this method So far as data are available, they suggest 
(with a captive balloon) is the cable, which, that tho mean potential gradient is higher 
in addition to its direct disturbing effect on in middlo latitudes than in either the 
the electric field, may introduce, by brush equatorial or the polar regions; the uncer- 
discharges from its surfaco, charges of unknown tainty regarding the accuracy of the absolute' 
amount into the immediate neighbourhood of values,must, however, be borne in mind, 
tho region in which the measurements aro The potential gradient over the ocean is not 
made. 1 markedly different from that over land areas. 

Still greater difficulties are introduced if it Measurements of the vortical electric field 
is attempted to insulate the cable of a balloon qt a height by means of balloon observations 
or kite and bring the whole system to the qir" wore first successfully carried out by Le 
potential at the level of tho upper en<J of this Cadet (\5f. The results of these observations, 

conducting system ; even in fine weather the which proved that tho potential gradient ’ 
potentials to be measured are incorlvenioutly diminishes with height, have been confirmed , 


higlv Observations by this method have °oeen 
carried out at Glossop (14). Measurements 
have also been made of the curront down the 
earthed wire or eablo of the ki£e or balloon; 
but it is difficult to utilise such measurements 
for the quantitative study of the fjtmospheri'j 
electric field. Tho magnitude of the current 
observed is largely a measure of the rate at 
which the charge supplied by the cable to the 
air surrounding its upper portion—by point 
or brush discharge or*, by “ collectors ”—is 
removed by the wind. 

III. The Electric Field in Fine Weather' 

§ (8) Mean Value of ‘the Potential 
Gradient at different Places^ —- Our 
knowledge of the- distribution of the electric 
3harge (t.e. of the potential gradient near 
bho ground) over the surface of the globe is 
very incomplete. Not only are observations 
m atmospheric electricity completely lacking 
>ver very large, Areas, but, evkn in regions 
ivhele data have for long been accumulated 

1 For 
ipheric 
L9I0. 


a fullaiM»eunt see Chree’s article on “ Atmo- 
KlectrWtfc" in the Encyclopedia Britannica, 


alid extended by la^er work (Id), (17). The 
potential gradient is already reduced to about 
•fOT of that at the .ground at heights con¬ 
siderably less than 10 km. 
f , § (9) Var^.tions of' run Potential Gradi¬ 
ent. —Observations made at fixed stations 
have furnished t ,a largo amount of material ’ 
for the study of the variations of the poten¬ 
tial gradient with timo; it is, however, only 
for very limited portions of tho earth’s sur- ’ 
face thatue hq ; ye such data. 

Superimposed upon irregular changes, tfiiiah - 
are probably mainly associated with local 
meteorological conditions, the records from 
nearly all observatories show well-marked 
aqpual and daily variations. Theso periodic \’ 
variations becomo conspicuous when curves, 
are drawn showing tho mean values of ttyC'- 
potential recorded for different months of> 
the yoar or houfs of tho day; tho curypp 
becomo smoother the lpnger the period over! 
which regular observations have been con> * 
tinued. ( In obtaining these curves certain • 
days are excluded as being abnormal, P1 and thj&'d. 
form of the curves depends to some extents! 
on tho criterion adopted as to wliat constitutes A 
an undisturbed day. - 
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.inn wed Tanedio/w. — As regards the 
annual variatioft, Europoan observations all 
agree!* in showing a maximum in midwinter 
- and a minimum in midsummer, the mean 
potential gradient at the winter maximum 
being two or three times as high* as ai? the 
summer minimum. Such evidence an is avail¬ 
able goes to show that the annual variation 
is of the same character, with a maximum in 
; midwinter and a minimum, in midsummer 
throughout middle latitygjles^ in bo& hemi¬ 
spheres, i.e. everywhere outside the tropics 
. and the polar regions. The “records of 
potential obtained at Helwan (Eglpt), are 
exceptional, showing a maximum in mid¬ 
summer and a minimum in midwinter. The 
data for mean latitudes in the southern hemi¬ 
sphere are few, but -observations made by 
Befndt. (18) at Buenos Aires show an annual 
variation like that of similar latitudes in the 
northern hemisphere, the maximum potential 
gradient being for the month of July (winter) 
and tfte minimum for February (summer)— 
163 and 67 volts per metre respectively. 

It is obvious thaj the annual variation in 
the tropical regions lying between these two 
. zones of opposite phase must bo of a different 
character. It is doubtful if reliable daty from 
which the annual variation in this region «cta^ 
be deduced liavo thus far been obtained. 

Much more is known concerning the atmo¬ 
spheric electricity of the south polar than 
tho north polar regions. The variouj Antarctic 
expeditions of recent years have all led to 
similar conclusions as regards the annual 
variation of the potential gradient. There 
is a maximum in summer (December) and*a 
minimum in winter (June); i.e. the maxima 
and minima eoineido irt time with ^hoso of 
Europe, not with those of iuiddjp latitudes in 
tho southern hemisphere (19), (2%t, (21), ($$). • 

Thoro is no direct* evidence for a similar 
reversal of the phase of the annual variation 
in the northern hemisphere as wc approach 
tho pole frojp temperate latitudes. At 
Karasjok (23) (69° 17' N., 25° 35' E.) tho 
annual maxima and^minima ana still^in winter ' 
aftd^ummor respectively, as in lower latitudes. 
It is, however, quite possible that t^o annual 
v^ation may be reversed nearer the pole. 

(ii.) Daily Variations .—The daily variation 
is of a loss simple and constant character 
.. than tho annual variation. In the simplest 
type there is a minimum in the early morning 
(4 h. -6 h.) and a maximum in the late afternoon, 
the maximum value being about twice the mini- 
'' mum. This is the winder (24) type in northern 
Europe. At Upsala (25), fof example, in winter 
the potential gradient is a minimum ^t 4 h. 
(mean = ^7 volts per metre), rising gradually 
^to a maximum at 19 h. (mean = 131 volts per 
> : nwtre)^ and again falling contiguously till the 
1 Marly morning minimum is reached. In summer, • 
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while the early morning minimum is still the 
principal one (about 33 volts per metre between 
3 h. a$d 4 h.), thoro is a second minimum at' 
14 h., when the potential gradient only slightly 
exceeds that of the early morning minimum;', 
there are two almost equal maxima of about 70 
volts per metro on either side of the afternoon 
minimum (at 8 h. and 20 h.). * 

At Kow (12) tho afternoon minimum is quite 
marked even in midwinter, and at midsummer 
the afternoon minimum is the principal one. 



FlO. 1.—Diurnal Inequalities at Kew, 1898 -1912 
(Chrce). • 

• * 

This is at most places the normal course of the 
daily variation in the summer months; there 
being tlfus two maxima and two minima in 
the course of the 24 hoifte, tho early morning 
minimlAn being generally the less marked of 
the two. At Simhj(20) in the month of October 
the turvo of daily variation is of the simple 
fcyjje •without^ any afternoon minimum ; in 
June this minimum is so marked that tho 
potential gradient becomes regularly negative 
for an hour or two every afternoon. Tho very 
low or negative values are associated with 
great dustiness of tho air, • 
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On the Eiffel Tower and at mountain observa¬ 
tories the curve of daily variation, even in 
summer, is of the simple or winter typr, with 
a single minimum, that of the early ^homing, 
and a single maximum, that of the late after¬ 
noon. Tins has led to the winter type of daily 
variation being generally regarded as tho more 
fundamental ; since the afternoon minimum, 
even in summer, does not apparently extend for 
more than a few hundred metres above the 
ground, it is looked upon as a secondary effect, 
due probably to atmospheric convection. On 
the other hand, recent observations show that 
the afternoon minimum is quite a conspicuous 
feature in the records of observations over the 
ocean. 

In high latitudes the diurnal variation is 
of the simple type with one maximum and 
one minimum. This is well shown in the 
results obtained by recent Antarctic expedi¬ 
tions. While, however, the observations of the 
Charcot expedition (22) at Petermann Island 
(05° 10' S., (it* 0 34' W.) showed a minimum 
between 2 h. and 0 h. and a maximum at 15 h., 
both the earlier observations made by ller- 
nacelii (10) and the much more complete results 
obtained bv Simpson (20), in McMurdo Sound, 
agree in showing a maximum in the early 
{ morning hours and a minimum in the latter 
part of the day. Simpson’s observations at 
Cape Evans (77-5° S., 106-C^ 0 E.) show a 
maximum, 104 volts per metre, at 7 h. to 8 h., t 
a minimum of 07 volts per metre at 14 h. <*o 
15 h. He remarks that the daily variation 
of potential gradient at McMurdo Sound is not 
only different from that in other parts of "the 
worl 1, but from that in other parts of' the 
Antarctic. He points out that the geographical 
position of McMurdo Sound is pnique among 
those at which observations in atmospheric 
electricity have been made in lying between 
the geographical and magnetic poles. ( « 

(iu.)^Non-ptrimlic Variations .—Even in calm 
weather and with a clear atmosphere there* 
are minor fluctuations in the records of poten¬ 
tial gradient superimposed upon the regular 
periodic variations. Clouds other than rain 
clouds do not as a rule produce changes which 
are lavgo compared with tho normal potential 
gradient. Within a fog, however, the potettial 
gradient generally rises to ^several times its 
normal value. 

Clouds of dust raised by the wfod may 
produce large ehartgwfin the potential gradient, 
the sign of the effect depending on th£ nature 
of the dust. Drifting snow ift low temperature 
—as has been found in all the recent Antarctic 
expeditions—has very large effects, generally 
giving very high positive potentials. According 
to Simpson, the effects of drifting snow may be 
explained by suj^posing that when ice crystals 
strike one another in air the air becomes 
positively clferged, the ice negatively. 


IV. Atmospheric Ionisation, and the Air- 
earth Current , 

§ (10) The Air-earth Current.— It was 
shown by Linss (27), in a very important paper 
publfthed in 1887, that a charged conductor, 
exposed in the atmosphere under normal 
conditions, loses a considerable fraction of its 
charge in the course of a few minutes by 
conduction through the air. It was later (28) 
proved Mi at thitf' cqpducting power of the air 
is line to the presence of free positive and 
negative ions which move under the action 
of ♦he (Vlectrie field. Tho normal vertical 
electric field must, in virtue of the conducting 
power which the presence of the ions confers 
on the air, cause a vert ical electric current from 
the atmosphere into the ground. The question 
of the magnitude of this current per sq. cm. 
of the ground is of great importance in atmo¬ 
spheric electricity; we may investigate it in more 
than one way. We may attempt to measure 
the current directly (211), (5), ((}), (Iff)), or 
we may deduce its magnitude from the, results 
of simultaneous measurements of the potential 
gradient and of the conductivity of the air (30); 
we may again measure separately the factors 
upon ’vhich the conductivity depends, i.c. the 
ruiAber and mobility of the ions in the air; 
and finally wo may study the sources of 
atmospheric ionisation and tho processes by 
V Inch the ions are put out of action by 
recombination with one another or by becoming 
attached to larger snsponded^particles. 

The vertical conduction current consists of 
two portions, that carried by the positive 
ions streaming downr.vards and that carried by 
tho negative ions rpoving upwards under 
tho action of the vertical electric force. If 
F be the vertical electric force, e the ionic 
‘ charge, k\, P 2 the mobilities of positive and 
negative ions, and »,* n 2 the numbers of 
positive cind rn^ative ions per c.c., then the 
vertical conduction current per unit area is 
7 = F e(k i n l -i- k 2 n 2 ) - F(X + 4- \.) fc where X + , \- are 
the portions of the conductivity clue to |x>si- 
1 tive and Negative ions respectively. The usual 
method of determining Tho vertical cu^-eflt 
is to measure \ + and at a convenient height, 
one or two metros above the ground^F 
being obtained from measurements of the 
potential at a knowi height. 

If we expose an insulated conducting t*lato 
with its upper surface as nearly as possible at 
this level of the surrounding ground, and keep 
it at zero potential, a current will flow into the, 
plate from the atmosphere under the influence 
of tho vortical tlfcctric force. Tho vertical 
current# in this case (unless the plate itself 
emits negative ions) is entirely duetto posi¬ 
tive ions moving to the plate, and we have 
y-Vek x n x = F\.f instead of F(\ + + \_) as in the 
former case. 
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We cannot assume that F and X.,. ar« the 
same at ground*level as at a height of one 
metre. In the ease of still air exposed to 
ionising radiation betwoon parallel plates the 
electric force is greater near the surface of the 
plates than midway between thomf while# the 
conduction current is everywhere tjie same 
(31), (32). In tho atmosphere, however, the 
effects of tho mixing of the air by eddies and 
convection currents cannot Jbe left out of 
account (33), (34). Tho g^rrkig up cl the air 
gives riso to electric convection currents, and 
tho total vortical electric current includes this 
convection current as well as the cojtducjion 
current. 

Let us assumo that there is not a supply of 
negative ions from the ground, and that the 
current which travorses tho surface of the 
ground consists only of tho conduction current 
carried by positive ions. Such evidence as 
is available appears to show that the difference 
in the vertical electric force at ground level 
and ad a height of one metre is generally 


convection current which is carried by upward 
streams of positively charged air. According 
to thi% view, tho resultant air-earth current 
when dftduced from measurements of the 
potential gradient and conductivity is much 
more nearly given by FX f than by F(X + -f-X_), 
except when tho air near the ground is practi¬ 
cally stagnant. # 

It has* been assumed above that no con¬ 
vection current traverses the air-earth surface. 
According to Ebert’s well-known theory, air 
which diffuses out of the ground, or which 
oscjfpes as a result of diminution of atmospheric 
pressure or increase of ground temperature, 
carries a positive charge sufficient on tho 
averago to counterbalance altogether the air- 
oarth conduction eurront. Tho Ebert process, 
as well as any others which may cause a 
transference of charge between the ground 
and tho lowest layer of the atmosphere, will 
constitute a convection current not necessarily 
included in a measurement made by the test 
i plate method, unless the tost plate be made 


very small; i.e.. tho electric chargo in the i in all essential respects identical with the 
lowest metre of the air is only a very small j surrounding ground. 

fraction of the whole positive charge of the j The determination of the true resultant air- 
atmosphero (12]^ (35), (36). Let us further earth current is obviously a matter of eon* 
assume that as a cotisoqucnco of eddies con- j siderajblo difficulty. Further investigations on 
veetion currents there is sufficient mixing* the, subject are required, 
the air to m?ikc X+. approximately tho same j § (11) Methods^ of measuring the Con- ‘ 
near the ground as at. a height of flne metre, j ductivity of •jhe Air and Air-earth Cur- 
Were it not for air currents a positively charge^ jiknt.— In measuring the conductivity we allow 
layer would be formed next the ground as a ' a #tream of air from the free atmosphere to pass 
result of the upward flow of negative ions j over a charged conductor under such conditions 
under the action oil the field, the layer deprived that the ionisation of the air is not appreciably 
of negative ions increasing in thickness at the ! alteral by the process. If the surface density 
rate Flc, z and acquiring per second a charge i () f the f charge on a portion of the conductor is 
Fe/ojftj — FX_ ; this is equal to the negative j (Ji the electric force at the surface is 4ir<r, and 
conduction current or tho excos^ of the tho current through any small element ds of its 
total vertical conduction curreid. in the air j surface is where X is the specific con- 

over that entering* th§ ground. % If there # is* ductivity dye to ions of opposite sign to the 
continual mixing of tlto air by eddy currents, j charge oq the conductor. The current, through 

tho whole surface of the conductor exposed to 
the stream of air is AnX/ads ♦ 47rXQ,, where Q t 
is the whole charge on the exposed part of tho 

the rate 
have 

1 dQ 
Qi dt' 


4 7rX = - 


this positive charge, instead 4f accumulating 
near the ground, will be carried up and form 

lan upward convection current of positive w .. r . 

electricity sufficient to neutralise exactly the I conductor. The .current is equal to 
conduction current of negative fteetricity j* ( ,f loss of charge - dQ.flt ; we thus he 
omrlld by the upward-moving negative ions. 

Throughout tho region in which ijpxing is 
gojpg on, air which is rising from the lower 
layers will carry ^ larger excess of positive 
electricity than deseonding^ir. # 

14 the above conditions are satisfied (i.e. if 
there is no escape of negative ions from the 
ground, and if there is sufficient mixing by 
eddies or convection currents to prevent any 
considerable difference Jin tho condition of the 
air near the ground and at tlv height at which 
the conductivity is measured), then tiio truo 
resultant vortical current is obtained by con- 
v sidering tho positive stream of ions only, and 
is equal to FX + ; the negative conduction 
ourrent FX. being exactly neutralised by a 


This gives the relation (37), (38) between the 
conductivity due to positive or to negative 
ions, anti the dissipation factor for negative 
or for positive electricity, ix. the fraction of 
the chafge on an exposed conductor which is 
lost per second the dissipation factor is 
gencfhlly expressed in terms of the percentage 
of thi*oxpose<^eharge which is lost per minute. 

(i.) Oerdien's Method (39).—The measure¬ 
ments of conductivity are generally made by 
Ccrdion’s method, in which the charged con¬ 
ductor is cylindrical and is surrounded by a 
wider eoaxal cylinder kept at zert> potential > 
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>. a strong current of air is drawn between the 
cylinders from the atmosphere, and the 
• potential of the inner cylinder is measured by 
means of an electrometer connected to it. 

* The potential difference between the cylinders 
should bo small and the air current rapid, so 
that only a negligible fraction of the total 
number of'ions is removed during the passage 
of the air through tho tube. The charge Q t 
on the portion of the conducting system which 
is exposed to tho air stream is given by Q t = c x v, 
whero c x is the capacity of the exposed part of 
the conductor and v its potential; the current 

* or rate of loss of charge - dQjdt— -c(dv/dt), 
whero c is the capacity of the whole insulated 
system, so that we have 


47rX “= • 


c 1 do 
r, v dt’ 


(ii.) By a Test Plate or Sphere .—Direct 
measurements of the air-earth current may be 
■' made with the same apparatus as is used in 
measurements of the potential gradient by 
the test plate method described in § (0) (i.). 
The total quantity of electricity which passes 
from tho atmosphere to the test plate (luring 
a known time of exposure to the earth’s field 
is at once found from the readings of the 
measuring instrument before and $.fter ,fche 
exposure. Tho shielding ofLthe test plate from 
the earth’s field may be made momentarily 
at regular intervals, and a record is then ob¬ 
tained of both the potential gradient and t)ie 
air-earth current. The dissipation factor for 
negative electricity and the conductivity 
due to positive ions may be deduced from 
thcac. Similar observations with a spJiAre o i 
other conductor raised to a convenient height 
in the atmosphere aro more ^readily made ; 
they give directly tho charge upon and current 
through an earthed conductor exposed to the 
earth’s field, and from them a*, dissipation 
factor,, and conductivity coefficient may be 
deduced. The values obtained for the co¬ 
efficients are found under normal conditions 
to be independent of the size and nature of the 
exposed conductor (5), (0). Further experiments 
are required to test whether they aro identical. 
with those holding at ground level at tho same 
time. «» i 

§ (12) The Number and,Mobility of the 
Ions.— The conductivity of the air depends, 
as we have seen, on two factors, the number of 
the ions and their rftobility. The number of 
the ions of either sign in. each c.c. of tho air 
is obtained with apparatus‘which resembles 
that used by Gerdien in measuring thd» con¬ 
ductivities — but tho potential difference 
between the cylinders has ^ Insufficiently large 
and the air stream sufficiently How to ensure 
that all the ionsuf sign oppqpite to its own are 
caught by the central cylinder; the volume 
of air which passes, also be measured. 


The charge gained by the insulated conducting* 
system is thon equal to the total charge carried, , 
by all the ions (positive or negative according,- 
as the inner cylinder is negatively or positively 
charged) in the air which has passed between' 
theicylinders. By two measurements of this 
kind with the electric field between the • 
cylinders in opposite directions in the two *. 
cases, we obtain E + = n + e and E_=n_e, the 
free positive apd negative ehargos per unit ' 
volumef>of the uir^nd hence n+ and n. t the -; 
number of positive and of negative ions per. 
i c.c. If measurements of the conductivities ; 

I X+ fc .X. tore at the same time made, we can 
, deduce tho mobility of the ions; fpr the 
conductivity is the product of the free charge' 
and the mobility. 

The apparatus used is generally that of Ebert . 
(40), who first made measurements of this 
kind. Some of the sources of error have boon 
pointed out by Swann, who has introduced 
improved apparatus (4). 

The number of positive ions foundaby tho 
Ebert apparatus generally exceeds that of tho 
negative ions. Tho difference between the free 
charges E + = n ,.e and E_ — ne_ cannot, however, 
be taken as giving the resultant volume charge 
of thf air. For, as Langevin (41) has shown, 
,jn addition to the ions of mobility about I cm. ^ 
per second for 1 volt per cm., th£re are present „ 
other ions having a mobility amounting to 
bout soVff P art this; and the number of 
the “ lar^e ” ions may greatly exceed that of'.., 
tho “small” ions. It is, however, almost, 
entirely to the small ions that, the conductivity . 
of the air is due, the great excess in their 
riiobility much move than compensating for > 
their smaller number. 

Tho ^arge ions are formed by small ions ;• 
becoming attached to uncharged nuclei or 
dqst parties such aft aso made visible and 
counted by Aitkon’s method of condensing 
water uyon thorn. 

The conductivity of the air depends almost 
entirely upon tho number and mobility of the 1 
small ions; their loss of mobility when they - 
become Urge Aons is so preat that they cease 
to contribute appreciably v<> the conductivity. 
The number of free ions depends upon tho rate ^ 
at which they are being produced and upon ‘ 
the rate at which they aro ( ,.put out of action-*— 
mainly by recombination or by conversion 
into large ions. If the atmosphere had J)eeil 
dust - free we might have deduced the rate r 
of production of ions q (the number of eithe'r> 
sigr set freo per c.c. per second) from thpjr 
numbers, using the relation q — an + n, y where- 
a is the recombination coefficient, which i» 
known, from laboratory measurements; ;o$f 
even from the observed conductivities, sinfiiL 
tho ions would have known mobilities undone 
given conditions of pressure, temperature, arid? 
humidity. The presence of dust particles in* -s 





VrcroftaoS greatly the difficulties of such' methods 
'•’/ of determining (f. It is also impossible to use 
a direct method of isolating a volume of 
atmospheric air, and determining tho rate at 
C/which ions are producod within it, without by 
v so doing altering that rate. We have til use 
1 loss direct methods. > 

§ (13) Sources of Atmosfheric Ionisa¬ 
tion.^ —The production of ions in the froo 
air is mainly or entirely duo to ionising 
radiations of different typei 1 , a, j 8 ,' and 7 
rays from radio-active substances in the earth 
and in the atmosphere, and possibly also to 
' extremely penetrating rays from thb upper 
atmosphere or from extra-terrestrial sources. 
The nature and amount of tho radio-active 
^substances present in the surface layers of 
the earth or in tho atmosphero may bo deter¬ 
mined, and their sevoral contributions to tho 
production of ions in tho atmosphero estimated. 

Tho radio-active material in the lower 
atmosphere consists of the radio-active gases 
—the %manations of radium and thorium— 
which have diffused out of the ground, and of 
the disintegration products of thoso gases. 
Comparative estimates of tho omanation con¬ 
tent of tho air n^y be made, as was first done 
by Klstor and Geitel (42), by measuring the 
. radio-activity acquired by a wire which 
been exposed* in the atmosphere for a definite 
timo while charged to a high negative potential. 
More exact methods are now in use. • 

Tho radio-active substances ii^ the air 
omit a, and 7 radiations which all contribute 
£ to the ionisation of the air ; in addition there 
is ionisation due to the 7 rays emitted by the 
y radio-active materials in the earth. According 
to Eve (43) the ionisation of the air due to all 
these radiations amount over land ^roas to 


the ground and from radio-active substance?re¬ 
suspended in the surrounding air; but even 
when *he vessel is sufficiently screened to cut 
off all ortlinary 7 rays there, remains an ionisa- 
tion of about 4 pairs of ions per c.c. per 
second in air at atmospheric pressure enclosed 
in a sealed vessel of copper or zinc (46), (47), 
(48). Over the ocoan tho ionisation in such a 
vessel remains almost tho same even when 
unscreened (11), (49), (4). This residual ionisa¬ 
tion which is not cut off by screening may 
be partly or wholly duo to a radiation much 
motfe penetrating than ordinary 7 radiation; 
the ionisation will in that case, as with ordinary 
7 ijays, be a secondary effect due mainly to the 
production of fi rays in the walls of the vessel 
(50), so that the number of ions produced by the 
radiation in the free atmosphere may amount 
to a very small fraction of 4 ions per c.c. por 
second. 

Balloon observations have proved that tho 
ionisation in a closed vessel, instead of diminish¬ 
ing with height, as it would if due to radiation 
from the earth (which would be almost com¬ 
pletely absorbed by the lowest kilometre of 
air), is as groat at 1000 metres as at the ground; 
at heights of a few kilometres it reaches values 
many, times*as great (51), (52), (53), (54). 
Thpse observations appear to prove the existence . 
of a ponet.rating Radiation from the upper 
atmosphero. fcjjvann attributes the ionisation 
of tho air over the ocean entirely to this ]>ene- 
tr#ting radiation from above (49). 

§ (14). Results of Observations. —The 
table wlii^h follows is taken from the Report 
of tto Results of Atmosphorie Electric Observa¬ 
tions jnade aboard the Galilee (1907 1 #08) 
and the Carnegie (1909-1916), by L. A. Bauer 
and W. R G. jjwann j4). 


Comparison* of*Land and%)cfan Values with the Oi^an Values of Oroisk IV. 


Nature of Observations. 

• 

n + . 

n . 

- • 

n ( _ 
n_' 

—T-*- 

a 4 a. 

K.8.U. x 10-*. 

,: -i” r - 

/cm. /volt. ^ 

Vsee./ cm. ' 

IC.8.U. 10- 7 . 

Mean of laud observations ol>- 
• tftned by various observers . 

• 

737 

668 

4 

1-23 

1-30 

1-23 

• 

108 

1-22 

6 5 

Mean of ocean values for the 
^fourth cruise of the Carnegie . 

• 

« 

804 

677 

122 * 

I 44 

119 

1-30 

• 

1 30 

9-5 

Moan of former ocean valuesTTb- 
tfined by various observers . 

736 

588 

1 28 

• 

1 44 

1-20 


\ • _ 



.^aboufc 4-3 ions of either sign p^r c.c. per second. 
‘ 'The radio-active content both of the air over 
. largo ocean areas and of water itself has 
■'jbeon found to bo almost negligible i# com- 
* parison. • 

There is always a continuous production of 
--ions in air contained in a do^d vessel (44), 
,( 45 ). Part of this is due to 7 radiation from 


(i.) Land and Sty Observations .—Tho differ¬ 
ence between tho land and ocean mean values 
of tho*various atmospheric electrical elements 
is small. The*oir over the ocean is compara¬ 
tively dust-free, and tho production of large 
ions by attachment of small i*ns to uncharged 
nuclei is likely to bo relatively small. Neglect- 
I ing tho effect of dust particles inputting the 
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ions out of action, Bauer ami Swann calculate 
q, the rate of production of ions over the 
ocean, from the relation q ~an 2 , n. being taken 
as about 800, and a as having the valuo 
obtained in laboratory measurements of the 
recombination constant. This gives for q 
the valuo 1-6, i.e. 1*6 pairs of ions must bo 
produced per c.c. per second. On land there 
would have to be added about t'l per c.e. per 
second duo to the known radio-active materials 
in tlic ground and atmosphere. But the 
numbers of free positive and negative ions 
found per c.c. of air over the land is no greater 
than over the sea ; this is probably due to the 
action of dust particles in capturing the ions. 

(ii.) Number of Free Ions, Mobility and 
Conductivity. — The number of free ions of 
either sign per c.e. is normally of the order 
of 500 (very rarely exceeding twice or falling 
below one half of this value), the positive i 
nearly always exceeding the negative in 
number. 

The mobilities (deduced from the con¬ 
ductivities of the air for positive and for 
negative ions and the number of ions of 
each sign per c.c.) generally fall somewhat 
short of the values obtained in the laboratory ; 
they generally only slightly exceed 1 cm. per 
second for 1 volt per cm. 

The conductivities \ + , are of the order 
of 10" * e.s.u. ; the conductivity due to 
positive ions nearly always exceeds that due 
to negative ions, tho greater number »«of 
positive ions more than compensating for their 
smaller mobility. 

The variations in the conductivity of t}vo air 
areegonerally in the opposite direction tp thoso 
of the electric held. Thus the air-earth 
conduction current, which depends on their 
product, varies less than either of its factors. 
Tho conductivity of the air is, for example, 
in Europo less in winter than in sn -rimer, while 
the potential gradient is greater in winter. 
In the Antarctic,“where the potential gradient 
has its maximum in summer and its minimum 
in winter, the annual variation in tho con¬ 
ductivity is, according te Rouch, very marked,' 
and absolutely the inverse of that of the 
corresponding electric field (21). 

Tho conductivity of the air depends large’y 
upon the clearness of the a^ir, i.e. its freedom 
from dust particles to which the ions can 
attach themselves. 

The average aiT-erfrth conduction current of 
fine weather is of the order of 6 x 10 -7 * e.s.u. or 
2 x 10" 16 amp. per sq. cm. s 

(iii.) Balloon Observations .—These observa¬ 
tions have shown a very great mcrc&so in 
the conductivity of the air with increasing 
height. The increase is $ue partly to its 
greater freedom from dust and its smaller 
density and consequent greater mobility and 
smaller rate of recombination of tho ions, but 


partly also to an increased rate of production 
of ions at a height (30), (55). ‘ Tho diminution 
of potential gradient with height is in all 
probability just sufliciont to compensate for 
the greater conductivity, so that the vertical 
eled/fic current is tho same at a height of 
several kilometres as near tho ground. 

V. Problem of the Origin and Maintenance 
of th^ ElectricJPikld of Fine Weather 

§ (15) The Origin of the Field. —In the 
absence of compensating processes tho electric 
field ofl’fino weather would very quickly ho 
destroyed by the air-earth conduction eurront. 

The fact that the electric field persists proves 
that such compensating processes exist and 
that on the whole tho electric fiold is being 
regenerated as fast as it is destroyed. 

Unless we assume an actual creation of 
negative electricity or destruction of positive 
electricity within the earth (56), the total air- 
earth current over the whole surface*^ the 
earth must on the average bo zero ; i.e. tho 
downward flow of positive electricity from 
tho air to the earth which takes place under 
the action of the normal electric field of fino 
weather is exactly balanced (if we take the 
(.average over any considerable timo) by 
currents, not necessarily conduction currents, 
in the opposite direction. 

a The most important of such currents which 
may possibly be effective are («) convection 
currents of charged air, ( b) convection currents 
carried by negatively charged rain or other , 
precipitate, (c) upward conduction currents 
in regions where tho potential gradient is * 
negative, and (d) currents carried by 
corpuscular radiations. 

(i.) Theories of Ebert and Lenard .— 
According a large clast of theories the air 
in contact with the grofind acquires a positive 
charge, Ahe eafth receiving an equal negative 
chargo, e.g. by friction, by chemical processes, 
or as a result of the greater mobility of 
tho negative than of tho positive ion. To 
make shell processes effective in creating 
an electric field in the atmosphere, tlfe 'Hir 
which has acquired a positive charge while 
in contact with the ground must be con¬ 
tinually carried up by convection or eddy 
currents and be •wplaced by new air. The, 
energy required to produce tho electric afield 
by raising the positive charge against the 
attraction of the negativo charge on the 
ground is derived from air currents. 

The most important of the theories of this^ ° 
class are those of-Ebert and of Lenard (57), (58), 
Ebert 'supposes that ionised air which diffuses 
out of the ground, or which oscapos {Wi a result 
of diminishing barometric pressure or rising 
ground temperature, is charged positively, 
owing to more negative than positive ion# 
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becoming attached to the walls of the dapil¬ 
lary air passages in the soil, on account of their 
greater mobility ; air sucked out of the soil is 
found to be much more ionised than ordinary 
air, on account of the radio-active emanations 
with which it is charged. The process?, like Jiost 
of the others of this class, is only effective 
over land. Lonurd has, however, shown 
that the splashing of salt water, as in the 
breaking of waves on the surface of tho ocean, 
also gives tho air a positive cllhrgo. • 

(ii.) Convection by Charged Itain. —Several 
theories of atmospheric electricity have been 
based on tho assumption that more %ega£ive 
than positive electricity is carried down-to tho 
ground by rain. Tho observations of Simpson 
at Simla and most subsequent investigations 
oil the subject have, however, shown that 
rain and other forms of precipitation carry 
down, on the whole, an oxcess of positive 
electricity {see § (22) and § (25)). 

(iii.) Upward Conduction Currents. —The 
potential gradient is frequently negative during 
rain; the vortical conduction current is then 
from the earth to the air. On account of the 
very large values of tTio electric Held in showers 
and thunderstorms ami of additional sources 
of ionisation then in operation, the vertical 
conduction currents may be very largo cam- # 
pared with tho normal fine weather air-earth 
current. Whether the charges carried from 
tho atmosphere to the earth by these current* 
(and by lightning discharges which may bo 
grouped with them) are propoiftleratingly 
positive or negative still remains to bo 
determined (see § (21)). 

It is not impossible that* quite independently 
of precipitation there may be regions whoro 
negative potential gradients normally exist 
and maintain an upward earth-ah 1 current. 

(iv.) Corpuscular* Radiation.-\V\\o phono- < 
mena of tho aurora* furnish evidence that 
corpuscular radiations reach *>ur atmosphere 
from tho sun and that they may penetrato to 
within 100 km. of the earth’s surface. The 
possibility of the negative charge of the earth 
being maintained by negative, or f rays of 
siffifcient velocity to traverse our atmosphere 
and reach the earth’s surface has frequently 
bojjm suggested (50), (60). Unless, however, 
their kinetic energy were enormously great 
compared with that of thojastest ft rays friyn 
radioactive substances, their penetrating power 
would be too small and tho ionisation produced 
in tho atmosphere would bo too great to maico 
this a possible source of th8 earth’s negative 
charge. Not only are, the rays absorbed by 
the air, they have also to* move against the 
electric field through a potential difference of 
about million volts before reaching the 
earth’s surface. On account of tho guiding 
action of the magnetic field, *vhieh has also 
to bo taken into account, it is in tho neighbour- 
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hood of the magnetic poles that the penetrating 
rays would ho most likely to reach tho earth’s 
surface* 

It is possible that ft rays, of which tho pene¬ 
trating power was insufficient to enable them 
to traverse the lower atmosphere, might 
become sufficiently concentrated above the 
region of the magnetic poles to inverse the 
potential gradient in these regions ; a locally 
reversed earth-air current would thus result,, 
which might be large enough to contribute 
materially to the maintenance of the earth’s 
negative charge. 

It is easier to imagine the existence of a 
radiation of the y typo which would have 
sufficient penetrating power to enable it to 
reach the surface of the earth ; such radiation 
would also be unaffected by tho electric and 
magnetic fields of tho earth. Experiments 
on the ionisation in a closed vessel already 
give some indications of the existence of a 
penetrating radiation of this ty]>o. Swann (61) 
has pointed out that a radiation of this kind 
(started jauhaps by the stoppage of very 
fast ft rays in the upper atmosphere) would 
produce ft rays as it traversed the air, these 
ft rays travelling mainly in the samo direction 
as the radhytion and thus constituting an 
upward ^positive current. The ft rays from 
the lowest layers of the atmosphere would 
enter the earth and tend to keep up its 
negative charge. 

* # (16) Consideration of the various 
Theories. —Much could probably be done 
towards estimating the relative importance 
of thq various processes by which a trans- 
*fereifco of electricity between the atmosphere 
and tlie ground may take place, by determin¬ 
ing the total flow of electricity from all causes 
through an ilolatotf portion of the earth’s 
surface, i.e* by developing the test-plate 
nfcothod of * measuring the air-earth current. 
Observations thus far show, apart from effects 
of precipitation, that the •normal aft-earth 
current flow's through such a test-plate even 
when it is made as nearly as possible the 
equivalent of an isolate*! portion of the ground ; 
there is no evidonce of a compensating reverse 
current, nor can such a reverse current be 
detected when the field is cut. off. As regards 
the Lenard effect of the splashing of sea water, 
apart from othoT difficulties it is doubtful 
whether* it would compensate for the effect 
of tho charge induced on*tlu> spray of a break¬ 
ing w r a\© by the positive potential gradient. 

Insuperable difficulties in the way of ac¬ 
cepting theories of the Ebert type have been 
pointed out by Simpson (62), Uerdien (63), 
Swann (64), and Schweidler (65). The latter 
also draws attention to the difficulties of* the 
corpuscular theories. • 

On the whole, it appoars to be likely that 
the compensating process which prevents tho 
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negative charge of the earth from being neutral¬ 
ised by the fine woather conduction current 
does not act in the fine weather regions where 
the potential gradient is positive. The return 
current is in all probability itself also mainly 
a conduction current flowing in regions where 
the potential gradiont is negativo. It is 
conceivaWo that such negative potential 
gradients may exist normally in the immediate 
. neighbourhood of the magnetic poles as a 
’resulf of negative charges brought from extra¬ 
terrestrial sources by corpuscular radiation. 
It is certain that very intense negative 
potential gradients exist below cumulo¬ 
nimbus clouds and that they produce largo 
upward currents; as, howevor, do high positive 
potential gradients with largo downward 
currents. The current which flows between 
the ground and a cumulo-nimbus cloud is 
probably large (of the order of 1 ampere), 
and tho number of such clouds acting at a 
given moment (probably many thousands 
over the whole earth) is sufficiently great to 
make it certain that they play an important 
part in determining tho electrical condition 
of the earth. Whether there is an excess 
of tho upward currents, and whether this is 
sufficient to compensate for $he air-earth 
currents of fine weather, remains to lie 
determined. 

§ (17) Consequences of the High Con¬ 
ductivity of the Upper A/r.— We greatly 
simplify the consideration of the problem 
of the maintenance and distribution of the 
electric field if we assume (in accordance with 
the phenomena of terrestrial magnetism ,and 
the aurora and of the propagation of electro-*' 
magnetic waves) that the upper atmosphere 
is sufficiently ionised to possess considerable 
conducting power. The probleifi then reduces 
itself mainly to determining the mechanism 
by which the potential difference of abov.t 
one million volts between the conducting upper 
atmosphere and thp ground is maintained. The 
electrical effects of precipitation, which would, 
in the absence of the conducting layer, be com¬ 
paratively local, may ry>w extend to distant ‘ 
regions in which fine weather prevails (5), (64). 

Let„ us for tho present assume that the 
potential of the conducting upper atmosphere 
which is situated over a considerable area of 
the earth’s surface remains constant. The 
lines of flow below the conducting layer may 
be taken to be veriicul. If a kteady condition 
is reached the vertical current below the layer 
of high conductivity will b§ the same at all 
levels, and the vertical electric force at different 
levels will vary inversely as the conductivity. 
Above the lowest kilometre (t'S>. above the 
influence of ionising radiations having their 
origin in the grotipd) the eoncfuctivity increases 
with hoight, and the'potential gradient dimin¬ 
ishes accordingly. 
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The potential ut a point at a given height V 
above tho ground will bo ftiereasod by any 
influence which diminishes the conductivity of - > 
the air below or increases that of the air above 
it. Tho effect of a ground fog in raising tho . 
potential Gradient is thus readily explained, as 
was sh<^wn long ago by Elster and Geitel (66). 

A diminution of the conductivity of the lowest 
layers of the air alone will only slightly 
diminish the jur-earth current, since this 
depend^ on tKe jfg)tal electrical resistance -V 
between the ground and the upper atmosphere ; 
thus there is a tendency for the potential 
gradient near the ground to vary inversely as 
the conductivity of the lowest layers. It is 
possible that the annual variation of tho 
potential gradient may be partly at least 
explained in this way as due to variations in 
the conductivity of the air near the ground. 

The variations in conductivity may result not 
only from variations in the dustiness of the 
air, but also from variations in the rate at 
which ions are being set free. A considerable 
part of the ionisation of the air near the 
ground is due to tho radio-active emanations 
of radium and thorium which have diffused 
out of the ground. Any /.‘ondition which 
assist^ the escape of the emanations, such as 
jhigh ground temperature, tends to increased 
conductivity of tho air and low potential 
gradients. 

i An increase in the conductivity of tho air 
elsewhere than in the lowest layers will 
increase t*he air-earth curre/it, and thus the 
potential gradient near the ground. The early 
morning minimum has been explained as being 
due to t&e ionisatioB of the upper portions of 
the atmosphere being then a minimum (67), (68). 

The afternoon minimum may he due to the effect 
of atmospheric convection, which then reaches 
its r maximum », in dinfinishing, by increased 
dustiness and humidify and production of 
cloud, tlvp mobility of the ions above the lowest 
layers. The absence of the afternoon minimum 
when the potential is observed.at a height may 
be explained as due to the point at which the 
potential ^is observed being situated within 
tho air of diminished conductivity; the resist¬ 
ance between this point and the tower or 
hill-top on which the observations are m^o 
being increased relatively,, as much as that 
of (4 the air above. •-> 

It is unlikely, however, that the annual <and 
diurnal variations of the potential gradient are 
tot.be explained as entirely due to variations 
in the conductivity of the atmosphere below 
an ionised upper layeR which remains at a 
constant potential everywhere the same. Tho 
conductivity of the upper atmosphere is 
probably not such as to prevent considerable 
differences of potential from existing between >. 
portions of it atr a great distance apart. The 
distribution of potential within the conducting 
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)ayer will depend on the situation of .the 
generators which maintain the potential differ¬ 
ence between it and the earth. 

If we take the view that cumulo-nimbus 
clouds are the principal sources of the positive 
potential of the upper atmosphere,* then*its 
potential may be expected to be highest over 
the regions where such olouds are most 
numerous, i.e. in tropical and middle latitudes 
in the afternoon hours. A factor which may 
be of importance in the distribution of [♦tential 
in the upper atmosphere is the greater con¬ 
ductivity of air, at very low pressures, along 
than across the magnetic lines of forc(% This 
will tend to equalise the phase of the diurnal 
variation of the potential of the upper atmo¬ 
sphere along a magnetic meridian ; the maxima 
and minima occurring at the times when the 
number of thunderstorms and showers in the 
neighbourhood of this meridian is greatest 
and loast. This would fit in with the 


i.e. for the vertical current to supply such 
charges to the upper and lower boundaries of 
the cloujj as are necessary to make the electric 
force within it great enough to compensate 
for the increased resistance, so that the vertical 
current within the cloud becomes equal to that 
above and below it. 

Ordinary cumulus clouds have Very little 
effect on the potential gradient at the ground. 
Observation shows that even when great , 
masses of towering cumulus arc visible <%i all 
sides, thy potential gradient is often hardly 
affected. It is apparently only when some 
critical condition has been reached, and the 
cumulus has become a cumulo-nimbus cloud, 
thnl it develops any consideiable external 
field. This development of the external field 
is very rapid, a change in the potential 
gradient in the neighbourhood of the ground 
from values of the order of 100 volts per 
metre to more than 10,000, positive or 


simple winter and high-level type of diurnal 1 negative, occurring in a very fow minutes, 
variation, and would give a possible ex- 1 /:: ' x> ' : " “ } ” ra ' ra 

planation of the remarkable results regarding 
the phase of the diurnal variation in the 
region between magnetic and geographical 
south poles to which Simpson has called 
attention (see § (3) (ii.)). 


(ii.) Rain .—Rain does not always produce 
large effects upon the electric field; when the 
effect is small there is on the whole a lowering 
of the normal positive potential gradient. 
Heavy precipitation of any kind generally 
produces very high, positive or negative, 


Again, if there is a fall of potential in the ; potential gradients, with frequent changes of 
upper at mosphere in passing from the tropical*! sign ; negative potential gradients on the whole 
regions to the poles, any increase in the eon- j preponderate. 


§ ( 19 ) Measurement ok Wet Weather 
Ejmpects. —For measuring the very intense and 
rapidly changing electric fields associated with 
heavy precipitation and thunderstorms, the 
ordinary d^paratus, which is used for recording 
^otcfttials by means of a water dropper or 
other Collector, is both too sensitive and too 
stow in its action; it gives little more than 
qualitative information. A good deal of 
additional information might be obtained by 
reducing anciently the sensitiveness and 
diminishing the period of the electrometer (by 
using a stronger control) and by using very 
efficient collector. But the potential acquired 
by the collector and the conducting system 
• connected to it will nyt infrequently be high 
enough to cause sparking, and no collector is 
sufficiently rapid in its action to folloy the 
changes which result from the passage of 
lightning discharges. 

Methods which # depend on measurements of 
the charge on an exposed conductor are much 
more suited for the study of these large and 
rapidly changing potential gradients. 

The fact that thunderstorm is approach¬ 
ing it first indicated by apparatus of tins type 
by th% sudden changes produced in the potential 
gradient by distant lightning discharges (8). 
A photographic record of the electromotor 

_^ readings, obtained while this storm is at a 

, almost to zero. Timo is of course required for | distance of 20 km. or more, generally shows 
the establishment of the steady condition ; a positive potential gradient not differing 


ductivity of the uppermost layers in higlg 
latitudes (.such as we might expect in summer 
from increased exposure to ionising solar 
radiation) will dimmish the potential difference 
between the upper air in polar regions and that 
of middle latitudes ; diminishing the yotcntifll 
in the latter and increasing it in the former. 
This may be one cause oithe annual variation 
in the potential gradient—which, as \te have , 
seen, has its maximum in wintV in middle ^ 
latitudes and (if wo can judge from the Antarctic 
observations alone) in sumraf in tjio polar 
rogions. 

• 

VI. Potential Gradients associated with 
^ # Showers ANg Thunderstorms 

‘ § (18) The Effect of Clouds and Rain. 

(i.) Clouds .—Clouds other than those associated 
wifh precipitation do not in general produce 
conspicuous effects*on the^otcntial gradient 
at IJie earth’s surface. The part played oy 
the great majority of clouds in relation to 
atmospheric electricity is probably mainly t^e 
purely passive one of diminishing the con¬ 
ductivity of the air, and thus increasing the 
vertical electric force within tljora and diminish¬ 
ing that above and below them. A vc^y thick 
cloud layer may reduce the vertical current, 
and honcR the potential gradient at the ground, 
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much from the normal value ; sudden small 
changes, which may be either positive or 
negative, indicate the occurrence of lightning 
discharges. These sudden changes Injcome 
comparable with the normal potential gradient 
when tho storm is at a distance of from 15 to 
20 km. The sudden changes produced in the 
field by discharges at 10 km. are generally of 
the order of 500 volts per metre, becoming as 
great as 10,000 volts per metre or more when 
the discharges occur at distances of 3 or 4 
km. The records obtained thus fa r show a 
greater number of instances of discharges 
causing a positive change of potential gradient 
than of those causing a negative change. 

The vertical electric force at the ground clue 
to a thunder-cloud does not generally much 
exceed the sudden change which occurs when 
a lightning discharge passes ; very frequently 
eacii flash suddenly reverses the sign of the 
potential gradient, which again within a few 
seconds recovers its original sign. 


The mean value of the electric moments of 
the lightning discharges thus far studied in 
this wav is of the order of 3 x 10 lG e.s.u.- 
ccntimetres or 100 coulomb-kilometres; these 
moments may bo positive or negative, but 
flashes \tith positivo moments (i.e. which 
carry a positive charge upwards) appear to 
be tho more numerous. 

Lightning discharges may pass between tho 
‘ upper and lowqr portions of tho thunder-cloud 
or between thefelqgd and the ground, or they 
may pass from the cloud into the surround¬ 
ing atmosphere without reaching the ground. 
Discharges from the upper part of a cloud 
upwards into a clear sky have not infrequently 
been observed. It is only with discharges 
between the cloud and the earth that we are 
at present concerned ; such discharges gener¬ 
ally extend through a vertical height of 
one or two kilometres. The averago light¬ 
ning flash between cloud aud earth probably 
discharges a quantity of electricity of the 
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BIO. 2.—Record of Potential Gradient (in volts per metre) at the'Solar Fhysics Observatory, Cambridge, 
June 13, 1917, 1 i h. 11 in. to 14 h. 10 m. 30 s. 


After each discharge the electric field <tends 
to Vctum to the value which it had ^before 
the discharge, the curve of recovery of 
the field frequently approaching the ex¬ 
ponential form. The initial rate of recovery 
of the field is generally such that if it had 
remained uniform the whole field destroyed 
by th Of discharge would have been regenerated 
in a few seconds. 

VII. Transference OFrELEoTRiciTY retween 
the Atmosphere and the Earth in 
Showers and Thunderstorms 

§ (20) Lightning. — From the suddcVi 
changes which are produced in tho electric 
field at the surface of the earth by th^. passage 
of lightning discharges at known distances, 
we may deduce the electric moments, of the 
discharges; the electric moment being equal 
to 2QH, whero H is the vertical height through 
which the quantity of electricity Q has c been 
discharged. For distances grtat compared 
with, H the electric moment of the discliargo is 
given by FL 3 , whero F is the sudden cliango in 
the vertical force at the ground and L is the ] 
distance of tfce discharge. i 


order 20 coulombs through a height of 
about 2 km. 

In severe stormy the average interval 
between successive lightning flashes may be 
r a few secyjids only*) Jf we assume an 
interval of 20 seconds between successive 
Hashes, each discharging 20 coulombs, tho 
thunder-cloud has to supply 1 coulomb per 
second, i.e. one ampere, to feed the flashes. 

§ (21) Continuous Currents. —The high 
positive $nd negative values of the electric 
field below shower-clouds and thunder-ckmrls 
would lead us to expect vertical currents through 
a given Urea of the ground which are many 
times as large as those of lino weather, o^bn 
if there wore no additional sources of ionisa- 
ti<Vn. Rut there are such additional sources; 
there are three processes which arc likely to 
provide a supply of ions just in those areas 
whero the potential gradient at the ground is 
greatest (8). Charged drops falling from a 
cloud may evap^rfl-te completely, producing 
ions corresponding in number to the charge 
originalfy carried by the drops. ^\gain, if 
heavy rain reaches the ground, the Splashing 
will give rise fco ionisation. Lastly, if the 
potential gradient is strong enough, it will 
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itself cause ionisation by point discharges 
from exposed poilttod conductors. 

The last named is probably the most im¬ 
portant source of ionisation below thunder- 
* clouds. In some recent experiments made 
at the Solar Physics Observatofy, Cam¬ 
bridge, a positive potential gradient o£ about 
15,000 volts per metre, applied artificially over 
a field of grass, was found to be sufficient 
to cause a point discharge of, negative elec¬ 
tricity from the tips of th^lanes of gfass ; a 
sojnewhat larger negative potential gradient, 
about 20,000 volts per metre, had to be applied j 
to cause a measurable positive discharge l£or j 
greator potential gradients, positive or nega- I 
five, the currents increased rapidly and soon j 
reached values exceeding 1 microampere per 
sq. metre ( = 1 ampere per sq. km. or 10 " 1(1 j 
ampere per sq. cm.). 

,lt is probable that potential gradients i 
exceeding the limits required to cause point 
discharges from grass exist below thunder- j 
clouds,#md that the potential gradient at the . 
ground is prevented by such point discharges j 
from exceeding a limit fixed by the current ! 
which the thunder-eftmd is able to supply, j 
Observations of tje sign and magnitude of the 
potential gradients below f hunder-eloud| and 
shower - clouds are. evidently much to he § 
desired, since they would afford means of 
obtaining an estimate of one important com¬ 
ponent of the air-earth currents associated* 
with* such clouds. When a thunder - cloud | 
passes at a comparatively small height above i 
the ground, and when the number of discharge j 
ing points available is small, the current ; 
through such projecting conductors as exisC , 
may be comparatively large, and we get visible j 
glow or brush discharges—St. Elmo's fire. 
The necessary conditions are frequently met ; 
with on mountain summits, and discharges j 
may be intense enough to give considerate 
illumination and to emit a Jpud lemming I 
sound. The direction of the current (as i 
indicated by the appearance of the discharge) ; 
may be either from the ground to the cloud 
or in the opposite direction. . • 

Er;KCTHieiT , f of Rain. — The import- j 
ance of determining the sign and magnitude 
of the charges carried down to the earth by 
rain and other forms of precipitation was 
pointed out by Linas (27) s^the first measure¬ 
ments were made by Elster and Geitel (Gf^. 
Observations have now been made in many 
parts of the world. , 

The difficulties of suclP measurements, 
especially during thunderstorms, arc con¬ 
siderable. If we were* merely to place an 
insulated vessel out in the rain and examine 
tbe chargp which it had gained after a certain 
time, there would be largo spurious effects, 
due mainly to drops striking 4 he vessel and 
splashing off. For even uncharged drops 
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would, if they struck the rim of the vessel, 
carry off some of the charge induced by the 
electric ^ield. It is difficult to remove this 
danger (by means of suitably placed screens 
and diaphragms) without introducing an error 
of opposite sign, duo to rain splashing into the 
vessel after striking portions of the screening 
system which arc exposed to the earth’s field. 
With the* methods which have actually been 
used the errors due to such causes are probably 
unimportant. • 

The qjirlier observations of Elster and 
Geitdl (09) and of Gerdien (70) led to tbe 
conclusion that on the whole more negative 
than positive electricity was carried to the 
ground by rain. Simpson (71), however, in 
a long series of measurements made with self- 
recording apparatus at Simla, found that a 
much larger quantity of positive than of 
negative electricity was brought down to the 
ground by rain. Similar results have been 
obtained by nearly all subsequent observers 
in different parts of the world (72), (73), (74), 
(75), (7(4), (77). Sehindelhauer (78), however, 
concluded, from the results of a long series 
of observations at Potsdam, that there was 
no excess of positive charge. 

Simpson fyund occasions of positively 
charged rain to be more than twice as frequent 
as those ?>f negatively charged rain, and that 
nearly three times a£ much positive as negative 
electricity was 'brought down by the rain. 
The currents carried to the ground by rain are 
in the great majority of cases less than 10‘ 13 
ampere per sq. cm. ; the largest currents 
observed Amounted to nearly 10 12 ampere 
f>er cm. Positively charged rain becomes 
relatively more frequent as compared with 
negative rain the greater the rate of rainfall. 
Simpson found*that ifiinfalls exceeding 1 mm. 
in 2 minutes were always positively charged. 
Tl^e charge if rain is generally less than 1 e.s.u. 
per c.c., Imt positive and negative charges 
exceeding 5 e.s.u. per e.e. arp not infrequent, 
and charges approaching 20 e.s.u. per c.c. of 
rain have been observed. 

• The convection current carried by precipita¬ 
tion is thus on the whole from the atmosphere 
into the ground, i.e. in the same direction as 
the air-earth current of fine weather. The 
density of this convection current per sq. cm. 
of the surface of tlfe ground is not infrequently 
1000 times as great as that of the normal air- 
earth conduction current but it very rarely 
exceeds 10" 12 ampere per sq. cm. 

Of the three kinds of electric current which 
may accompany precipitation—the convection 
current carried by rain, the momentary cur¬ 
rents of lighting discharges, and continuous 
currents due to the intense electric fields—it 
is quite possibly *tho last wjiieh contributes 
most to the interchange of electricity between 
the earth and the atmosphere. • 
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VIII. The Thunder-cloud as an Electrical 
Machine: its Electrical Field and 
the System of Currents Which it 

MAINTAINS. 

§ (23) The E.M.F. and Current within 
the Cloud. —A thundor-cioud may be regarded 
as an electrical machine. It is of interest 
to try to obtain some estimate of the order of 
magnitude of the electromotive force developed 
and'of the current which passes through the 
cloud, and to consider the probable distribution 
of this current. 

The mechanism by which the electromotive 
force of the cloud is developed will be ( dis¬ 
cussed later. It may he assumed that a 
vertical separation of positive and negative 
electricity takes place within the cloud, 
electricity of one sign being carried down by 
large drops or hailstones, while a charge of the 
opposite sign is attached to the smaller cloud 
particles which are carried up in the ascending 
air. 

If it is within the thunder-cloud that the 
separation of the positive and hogativo 
electricities is effected, equal charges of 
opposite sign must he developed in the upper 
and lower parts of the cloud, .which is thus 
essentially bipolar. While, however,^the polos 
of the cloud necessarily develop equal and 
opposite charges in a given time, they are also 
losing electricity by the falling out of charged 
rain, by conduction through the ionised 
atmosphere, and it may be by lightning dis¬ 
charges. The losses will generally affect the 
two poles differently, and the upper and lower 
charges may become very unequal. 

Thunder-clouds are generally of great vertical 
thickness, their bases being generally at a 
height of from 1 to 2 kni., while their summits 
are generally above 5 km. and may roach to,] 
nearly twico that height. There, is no diffi¬ 
culty in imagining a relative vertical motion 
of positive and negative carriers which would 
result in the top and bottom of the cloud 
becoming oppositely charged while the greater 
part of the vertical thickness might be ncarl/- 
neutral; the centres of the positive and 
negative charges may be at a considerable 
vertical distance apart. 

We inay learn something about the rate at 
which the vertical separation of positive and 
negative charges takes place, i.e. about the 
vertical current thrctjgh the cloud, as well as 
about the order of magnitude of the potential 
difference between the polps, from the effect 
of lightning discharges upon the potential 
gradient. 

We have seen that the quanticy of electricity 
which passes in an ordinary lightning flash is 
of the order of. 20 couloriabs. The rate of 
separation of the positive and negative charges 
may have tc be sufficient to supply many 8 uch 


flashes in one minute, and the average current 
through the thunder-cloud must in such cases 
exceed one ampere. * 

But this does not necessarily represent fche^, 
whole output of the thunder-cloud; it may 
supply in addition to or in place of the lightning 
discha-ges a considerable continuous current. 
The way in which the electric field of a distant 
thunder-cloud is regenerated after a lightning . 
discharge is suggestive in this connection. The 
curve fa recovery '» v <f the field is of the form we 
should expect it to have if, while the rate of 
separation of the charges in the cloud (i.e. 
the vertical current through the cloud) con¬ 
tinues at a more or less constant rate, there 
is a loss of charge (i.e. a return current) 
which increases continuously as the potential 
difference between the poles of the cloud in¬ 
creases. The total current or rate of separation - 
of the charges deduced in this way generally * 
greatly exceeds what is required to supply the 
lightning discharges of the cloud, the average 
amounting to some amperes. 

We may in different ways form some estimate 
of the linear dimensions of the region in which 
the charge which passes in an average lightning 
flash must have been concentrated, and so ■ 
decline the order of magnitude of the maximum 
fe potential attained within this region. This * 
leads to an estimate of 10 ® volts for the order 
of magnitude of the E.M.F. of a thunder* 

* cloud. 

A shower-cloud which docs not produce 
lightning* may be ofic in, which a balance 
between the separation of the charges and their 
dissipation by continuous processes is attained 
oefore the lightning discharge limit is reached. 
The magnitude of the E.M.F. and of the current 
through such a cloud may thus not be greatly 
less than thqse associated with a thunder-cloud. 
t § (24) Dl/I’rirution oi> the Current sup¬ 
plied by the Cloud. —A thunder-cloud i» 
situated,, hetw.cn two parallol or concentric 
conductors—the earth and the ionised upper 
atmosphere—which together Jorni a condenser 
of high capacity. The existence of this highly 
ionised iayor in the upjger atmosphere is in¬ 
dicated by the phenomena of the propaga¬ 
tion of A electromagnetic waves round the 
earth as well as by those of terrestrial magnet¬ 
ism. Its height is uncertain, but a knowledge <■ 
of this is not required for the purpose of J 
estimating the influence of the conducting,^ 
layers upon the electrical phenomena of 
thunderstorms; let us assume that the lower i: 
limit of the layer of high conductivity is about *• 
60 km. The atmosphere below this limit it:;* 
also always ionised to a considerable extent, . 
the ionisation diminishing at lower levels ; the 1 / 
electrical resistance of the lowest 6 Jgai. of any ’" 
vertical column of air probably exceeds that 
of the whole column above this level. • J.’ 

From the sign and magnitude of the potehtiaF - 
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gradient at places remote from the distuijbing 
influences of shower-clouds, and from the 
manner in which this falls off with the height, 
we may conclude that the potential in the 
upper atmosphero is positivo and of the*order 
of one million volts. This is smallicomp^red 
with the E.M. F. of a thunder-cloud. 

The sum of the potential differences between 
the upper pole of the cloud and the high-level 
conducting layer of the atmosphere, and 
between the ground and ^he%*lower }f>le, will 
thus d iff or relatively vffty little from that 
between the two poles of the cloud. Whether 
then the return current (continuous^or dis¬ 
continuous), by which the charges recombine 
after being separated within the cloud, passes 
mainly by the direct route from pole to pole 
of the cloud, or via the upper atmosphere and 
the earth, will depend on the relative resist¬ 
ances of these two circuits. An increase in the 
vertical distance between the upper and lower 
charges will increase the resistance of the 
short circuit and diminish that of the long 
circuit for both continuous and disruptive 
discharges. 

The free air at le*/els above that to which 
the summits of cumulo-nimbus clouds attain 
has even normally a conductivity many times 
as great as that of the lower layers, add this 
will be greatly increased by the action of thfc 
held of the thunder-cloud in dragging ions 
down from the upper atmosphere. Within 
the cloud itself (so long as discharges do not 
occur) the conductivity is likely toibe reduced 
by the entanglement of ions by cloud particles. 
Below a shower-cloud or thunder-cloud there 
are the additional sources of ionisation con¬ 
sidered in Part VII. It is probable, therefore, 
that the sum of the Resistances above and 
below the cloud may not be large ri>mpared 
with that within Rhc,cloud, an^ that an im¬ 
portant part of the vmtinuous current main¬ 
tained by a shower-cloud pass from the 
ground through the cloud to the up}>er atmo- 
sphore or in the reverse direction. 

Consider nefltt the case of lightning dis¬ 
charges. If the cloud is of sm%H vertical, 
ttofekness the electric fiold is likely to reach its 
critical value first within the cloud, and the 
discharge will be of the nature of *a “ short- 
dfreuit ” between the poles ; or, if the rate of 
dissipation of tin? lower charge (e.g. by the 
faljing out of charged rain} has been relatively 
great, the lightning discharges may be between 
the upper pole ami the ground. 

If the vertical distance ibetween the u^per 
and lower charges is considerable, it is quite 
possible for the critical vnjue of the field to be 
-exceeded at the lower boundary of the high- 
level conducting layer (on account df the low 
pressure at this height) before it reaches its 
critical value within the clgud. There may 
then be discharge, continuous or disruptive, 
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between the upper atmosphere and the upper 
surface of tho cloud; some forms of “ sheet 
lightning ” may possibly be discontinuous 
discharges originating in this way. 

If the potential difference between the upper 
pole of the cloud and the upper atmosphere is 
approximately destroyed by a discharge, a 
potential difference between the ]pwer polo 
and tho.ground becomes nearly the samo as 
that between the poles of the cloud. Dis¬ 
charges will tend to occur between the*lower 
pole of the cloud and the ground simultane¬ 
ously with discharges between the upper pole 
and the upper atmosphere ; tho lower charge 
may, however, have to accumulate for a period 
occupying several intervals between the upper 
discharges before it roaches the limit required 
to cause a lightning discharge to earth. 

Increased conduction in the atmosphere 
above the cloud, whether due to discontinuous 
discharges or otherwise, tends to diminish the 
upper charge and thus indirectly to increase 
the lower charge by diminishing tho dissipa¬ 
tion current which it receives from the upper 
pole of the cloud. An increase in the lower 
charge and a diminution of the upper charge 
both have the effect of increasing the potential 
gradient at the ground if it is already in the 
direction opposed to that within the cloud, or 
to diminish it if it is in the same direction as, 
that within the cUud. 

The conductivity above a thunder cloud 
• must be largely duo to ions dragged out of the 
conducting upper atmosphere by the electric 
field of tho cloud. Tho conductivity above a 
cloud of*positive polarity (i.c. one of which, 
thetupper pole, is positive) will be greater than 
that »over a cloud of negative polarity, on 
account of tho very much greater mobility of 
the negative *ions tjpin of the positive in dry 
air at low pressures. And again a discharge 
from the uyper atmosphere to the cloud, owing 
to the field causing ionisation by collisions, 
will also occur more readily if it is the pegative 
ions which are dragged out of the conducting 
layer, i.e. if tho polarity of the cloud is positive. 
This excess of conductivity above the cloud 
of positive polarity wflll tend to make negative 
potential gradients predominate below the 
centres of cumulo-nimbus clouds if w'e Assume 
'that clouds of negative polarity are not greatly 
more numerous than those of positive polarity. 
This upturn will lead to the ionisation current 
in showers, whether it hi continuous or passes 
in lightning discharges, being mainly directed 
from the earth to the atmosphere. 

According to Simpson’s theory (71) of the 
electricity of rain, a thunder-cloud is necessarily 
of Negative*polarity; the preponderance of 
positively charged rain which reaches the 
ground is in agreement with this theory. But, 
as we have seen, the convention current which 
roaches the ground on charged^ rain-drops is 
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probably a small fraction of the total current 
and may give no reliable measure of its magni¬ 
tude and not even indicate its sign correctly. 
Rain, for example, which was negatively 
chargod when it left the cloud, and which foil 
through an upward stream of positive ions set 
free at the ground, might be wholly or partially 
discharged or even have the sign of its charge 
reversed before it reached the earth (8). The 
excess of positively charged rain may indeed 
bo partly a consequence of negative potential 
gradients being more frequent than positive 
in heavy showers. * 

There can be little doubt that the electro¬ 
motive force of a thunder-cloud must maintain 
a considerable current—probably of the order 
of some amperes—between the ground and 
the upper atmosphere. The average number 
of thunder-clouds in action at a given time is 
probably of the order of 1000 at least; and 
the effect of the much larger number of shower- 
clouds which do i\ot produce lightning cannot 
be neglected. It is at least possible that the 
upward currents due to clouds of positive 
polarity may more than counterbalance the 
downward currents due to clouds of negative 
polarity, and that the excess may be sufficient 
to maintain the positive potential of the upper 
atmosphere and compensate for the downward 
current of line weather. 

IX. Some Processes associated with the 
Development and Dissipation of Tyjs' 
Electric Charges of Thunder-clouds 

§ (25) The Movement of Charged Air.— 
A cloud layer diminishes the conductivit” of 
the cir within it by destroying the mobility of 
the ions which become attached to the cloud 
particles. Any pre-existing vertical electric 
field will be intensified within the cloud, 
until the total vertical current, due to con¬ 
vection and conduction within thv cloud, fs 
equal to that above and below the cloud in 
spite of the smaller conductivity. The rate at 
which this increased field develops, i.e. the 
rate at which charges of opposite sign ac¬ 
cumulate at the upper And lower margins of 
the cloud layer, will be determined by the 
magnitude of the vertical electric current. 

A vertical electric field arising in this or in* 
any other way within a cloud layer may be 
intensified by diminishing its horizontal^!inten¬ 
sions and thus increasing the density of the 
upper and lower chaises; this reduction of 
the horizontal dimensions may be brought 
about by converging winds. A contraction in 
the horizontal dimensions of a cloud by don- 
verging motion of the air will bo^iccompanied 
by an expansion in the vertical direction and 
an increased separation of the jipper and lower 
charges. The potential difference between the 
top and hpttora of the cloud will thus be 
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increased by the increase both in the vertical 
force and in the height through which it 
extends. Tho converging air motion will 
frequently be greater in the upper than in 
the lower part of the cloud, as is evident when 
the fr cloud assumes the cumulus form; the 
consequent concentration of the upper charge 
may tlffis greatly exceed that of the lower. 

§ (20) The Fall of Charged Drops and 
Hailstones.— While the movement of charged 
air masses as a/whole may be a factor in the 
development of the intense fields of thunder¬ 
clouds, it is probably by no means the main 
one. Ip has long been regarded as probabio 
theCo the electrical field of a thunder-cloud is 
due to large falling drops or hailstones becom¬ 
ing charged with electricity of one sign while 
tho uprising air (or the smaller cloud particles 
carried up by it) is charged with electricity 
of the opposite sign. There have been many 
attempts to explain how this initial separation 
of positive and negative electricity occurs. 

(i.) Condensation Effects .—The process of 
condensation may under certain conditions 
cause an opposite electrification of the cloud 
particles which are formed and of the surround¬ 
ing air. In atmospheric air from which the 
dust particles have boon removed (e.g. by the 
falling" out of water drops which have con¬ 
densed upon them) condensation does not 
occur until an approximately fourfold super¬ 
saturation has been attained ; when this stage 
is reached the negative ions which are con¬ 
tinually being set free will serve as nuclei on 
which water will condense to form drops (79). 
Positive ions require a considerably higher 
degree of supersaturation to make water 
condense upon them^ so that they are never 
likely to come into action in tho atmosphere. 

It was suggested by Sir J. J. Thomson (80) 
that this difference between the positive and 
negative ions might result in a preponderance 
of negatively charged rain, and thus to the 
normal positive electrification of tho atmo¬ 
sphere. Gerdien (0.3) based upon it a theory 
of thunderstorm electricity. There aro many 
reasons against accepting, as a sufficient ex¬ 
planation of the origin of Gie intense field* #*>f 
thunder-clouds, this difference in the efficiency 
of positive and negative ions as nuclei for the 
condensation of water vapour (59), (81), (82)7 
With particles of the sizo of large ions or 
dust, particles the 'h'ffeet of the sign of tho 
electrification on condensation must be very 
small, and it has never been experimentally 
dciilonstrated; it h unlikely that it is of any 
importance in the atmosphere. 

(ii.) The Electrification of Drops subsequent 
to their Formation *.—There arc several ways 
in which' drops may conceivably acquire a 
chargo after their original formati<&. It 
has been suggested (83) that the drops may 
acquire a negative charge through capturing 
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more negative than positive ions from # the 
surrounding air 4 >n account of the greater 
mobility of the negative ion. Again exposure 
to radiations of short wave-length (ultra-violet 
light or 7 rays) may cause drops or ico crystals 
to emit negative electrons and si 1 * bec^ne 
positively charged (84); this effect would 
become most marked at great heights' where 
the ultra-violet light from the sun is ap¬ 
preciable. There is again the possibility of 
electrification by friction wVter drops with 
ice crystals or of either t>i these with dust 
particles in falling through the air (85). 

The intense fields of thimder-clouc|| arise 
probably only when large drops or hailstoAes 
have formed. Collisions may then occur 
between the larger and smaller drops on 
account of the different rates at which they 
fall relatively to the uprising air; again water 
drops break up when they have reached such 
a size (about 5 mm. in diameter) that they 
fall through the air with a velocity of about 
8 metrro per second ( 86 ). 

(iii.) ftiinpson'fi Theory .—When pure water 
is allowed to splash or is shaken up with 
air (58), (87), the w?-ter becomes positively 
charged, the air negatively. Simpson showed 
(71) that when waiter drops are broken up in 
an air current there is electrical separation as 
in other eases of disruption, the resulting* 
drops being positively electrified while the air 
contains an excess of negatively charged ions.^ 
It is to this positive electrification of the water 
and negative electrification of the air by dis¬ 
ruption of drops, and the subsequent vertical 
separation of the charges through the relative 
motion of the suspended water drops grid up> 
rushing air (the latter carrying with it fine 
cloud particles to which the negative ions 
attach themselves), that Simpson attributes 
the development of (jhc inten^j* fields of 
thunderstorms. On tfcis view all thunder¬ 
clouds should be of negative pojarify . 1 

(iv.) Ehler and Ge.ite.Vs Theory .—Elffter and 
Geitel ( 88 ), (89) attribute the electric field of a 
thunder-cloud mainly to collisions of large and 
small drops in an already existing elcc^ic field. 
In ^fljoud in which thr electric field is directed 
upwards, the upper half of a falling drop will 
bo positively charged, the lower negatively. 
If • droplet carried up in the ascending air 
stream strikes the 4ower half of the larger 
drop and rebounds after' - making electrfe 
contifbt, it will carry off a negative charge, 
leaving the larger drop with an excess of 
positive electricity. The negatively charged 
droplet will be carried upward relatively to 
the positively charged drojj by the upward 
air stream. If the electric forte were directed 

• 

1 ShnpsoVa explanation of the electrical effects of 
uriftlnR snow (§ ( 0 ) 111 .) would, however, seem to imply 
that snow and nail clouds should be of positive 
polarity. 


ELECTRICITY 105 


upwards as abovo assumed ( i.e. if the potential 
gradient were negative) collisions would lead 
to the smaller cloud particles becoming 
negatively charged, the larger drops positively : 
the former would be carried up relatively to 
the latter, and there would thus be produced 
in the region between them an additional field 
of the same sign as the original fitld. The 
process would always result in an originally 
existing electric field within the cloud being 
increased in magnitude, and (until «om- 
pensatinc processes came into play) at a 
continually increasing rate. According to this 
view the thunder-cloud is in effect a large 
influence electric machine; its polarity will 
dejJbnd on the initial sign of the electric field. 
In some cases it may be the ordinary normal 
positivo potential gradient that determines 
tho polarity of the cloud, which will then be 
positive. 

The question whether the necessary electrical 
contact between the large and small drops can 
occur at tho moment of collision without 
coalescence at the same time occurring is 
fundamental in relation to Klster and Geitel’s 
theory. The very striking effect of electrifica¬ 
tion in causing coalescence of water surfaces 
and the hi^h contact resistance when 
coalescence does not occur are both well 
' known fit>m the experiments made by the 
late Lord Rayleigh (90) on jets of water. 
Simpson regards these as decisive against 
Bister and Geitel’s theory. Further experi¬ 
mental work on the subject is required. 

If coalescence of the drops occurs on 
collision ii» an electric field, there may be 
armiething of the nature of splashing if the 
smaller* drop is not very minute; whetfier 
this results in an increase or diminution of 
the primary fieM wilWdcpcnd on whether the 
splash takes place from the under or upper 
surface of tlft combined drop (59). In the 
case of c<41iSions between hailstones, coales¬ 
cence will not in general take place and the 
influence effect will act in such a way as to 
increase the original electric field (89); possibly 
pnly wet hailstones would possess the necessary 
conductivity. Collision! between large hail¬ 
stones and smaller water drops will again cause 
splashing from the lower half of the hailslone 
and thus increase an already existing electric 
field. « 

There qpn be little doubt that the processes 
suggested by Simpson «yid by Elster and 
Geitel are both effective in thunder-clouds; 
further work is required to determine their 
relative importance. Other processes, such 
as thSse mentioned at the beginning of this 
section, ami in#§ (25), may lx; of importance 
in producing a primary field strong enough 
to make the Elst-or and Geitel effect, when 
, splashing and disruption begin, comparable 
with the Simpson effect. 
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* § (27) Some Effects of the Electrifica¬ 
tion of Drops. —The possession of a charge 
and exposure to an electric field bjjth tend 
to facilitate the disruption of drops and thus 
- possibly to accelerate the development of the 
. electric field in a thunder-cloud. 

. Disruption of drops by an intense eleetrio 
field ma$ be concerned in the production of 
“ false cirrus ” at the head of a cumulo¬ 
nimbus cloud (8). 

The effect of a charge in promoting disruption 
is probably of considerable importance in the 
case of evaporating drops. A charged* drop 
in an unsaturatod atmosphere is essentially 
unstable. For the charge required to prevent 
a drop of given size from evaporating iA' an 
atmosphere which is just saturated (91) is 
identical with the maximum charge consistent 
with a spherical drop holding together (92). 
Any diminution in size (such as must result 
if the atmosphere around the drop is un¬ 
saturated) will cause division of the drop; 
each portion of the drop will again evaporate 
and in turn divide, the final result probably 
being the dissipation of tho charge into its 
constituent ions. This process is obviously of 
importance in connection with the ionisation 
below a thunder - cloud from which rain is 
falling and evaporating before it reaches tho 
ground. ' 0 . T . w . V 
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Atmospheric Radiation : 

Definition of “ effective ” radiation. See 
“ Radiation,” § (2) (i.). 

Measurement of, by thermograph and by 
radiometer. See ibid. § (2) (ii.). 

Value of. See ibid. §§ (3) (iv.), (4) (i.).^ 

Atmospheric Refraction. See “ Trigono¬ 
metrical Heights,” § (9). 

Aureole : the portion of the corona which 
consists of the inner ring and the bluish 
fhner field between the ring and the lumin¬ 
ary. See “ Meteorological Optics,” § (15) (i.). 

Automatic Division Machine. See “ Cal¬ 
culating Machines,” § (10). 

Azimuth by Circumpolar Stars. See 
“ Gravity Survey,” § (10). 

Azimuth, Determination of, by observation 
of stars at greatest elongation east or west. 
See “ Latitude, Longitude, and Azimuth, 
by Observation in the Field,” § (3). 



Babbage’s Analytical Engine. See “ Cal¬ 
culating Machines,” § (2) (iv.). 

Babbage’s Differencing Engine. See “ Cal- 1 
dilating Machines,” § (2) (iii.). * 

Balance, Analytical, Performance of a 
•Standard Type of, tabulated. See 
“ Balances,” § (2) (4). • 

Balance, Conditions and Methods of 
Practical Use of. Sec “ Balance^,” § (4). 
Balance, Equi-arm, ^Generai^ Theory of 
Static Equilibrium of. See “ Balances,”* 
§ ( 2 ). § 

Balance, Errors and Limitation! of the. 
See “ Balances,” § (3). 

Causes of changes in the effective length of 
the arms of a balance. See ifttTfc § (3) (ii.). < 
#ttffect of buoyancy of the air on the apparent 
weight of a body. See ibid. § (3) (iii.). 
Thermal effects. See ibid. § (3) (i.^. 
iIalance, Good. Requisites of. See 
“ Weighing Machines,” 4 (2). # 

Balance Pans and Suspension Stirrups of 
Equi-arm Balance. See “ Balances,” § (1) 
(iv.). # 

BALANCES 

The balances considered in this article are 
almost # exclusively of the equi-arm typo, 
treated 'mainly as instruments of precision 
(see also “ Weighing Machine*”). The article 
also discusses the weights used with such 


! balances, together .with the methods of deter¬ 
mination of the densities of solids, liquids, and 
^ases. 

•(See § (G) for a discussion of the micro- 
| balance.) 

% % t. The Equi-arm Balance 

Of ’all the instruments used in making 
fundamental measurements, the familiar equi- 
arm balance* is most productive of high 
accuracy. Such is tho precision of this 
instrument f hat in many instances it is not 
used to the full limits of accuracy of which 
it may be made capable. It is proposed 
to describe briefly the main features of 
the balance as generally used by scientific 
workers, and afterwards to indicate the 
refinements which may be made if tho 
utmost limit of accuracy is required of the 
instrument. 

§ (1) Details of Construction.— On ac¬ 
count of tho gemeral similarity of design of 
equi-arm balances, the following salient 
features may be takesi as common to all 
such instruments, independent of tho load 
for which they are used. Essentially (see 
Fig ^ 1) the balance is an equi-arm lever 
consisting of a beam, usually of metal 
(except in *niero - balances), which turns 
about a horizontal central knife-edge as 
fulcrum, while tttfc loads are applied at parallel 
horizontal knife-edges at the extremities of 
the beam. 
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Arising out of this simple lover, the following 
items require consideration: 

(i.) The design of the beam. , 

(ii.) The nature of the knife-edges and their 
attachment to the beam. 

(iii.) The suspension of the loads from the 
terminal knife-edges. 

(iv.) The arrestment of the beam and load, 
(v.) The methods of measuring the deflection 
of the beam, when released. 

(i .}*The Design of the Beam .—The design of 
the beam is the fundamental, but by po means 



the” only, factor controlling the accuracy 
obtainable from the balance, and the first 
consideration is its shape.r Since 1 it is essential, 
in order to obtain high sensitiveness of swing, 
that the weight of the beam should be as small 
as possible, con¬ 
sistent with strength, 
relatively to the 
loads weighed from 
its extremities, the 
simple forms shown 
in Fig. 2 (a), (6), and 
(c) have been used. 

They are of double 
triangular shape, and 
the equilateral form 
in Fig. 2 ( c ) is theo¬ 
retically ideal for 
combining strength 
with lightness. 

At first thought, it 
would appear that a 
long-beam balance would be preferable to a 
shoit-beam one op account eff its greater sensi¬ 
tiveness ; but it will be shown in § (2) that 
long beams ■ are inseparably connected with 



FlQ. 2.—(a), ( b ), (c), Simple 
Forms of Balance Beams. 


relatively long periods of swing, an important 
item in general work, if not' also in work of 
spocial precision. Moreover, given the weight 
of the beam, the longer its arms the greater 
the bending of the beam under the load to lie 
weighed. rt The importance of this will be shown 
in § (2)„when the performance of the balance is 
considered in connection with the relative posi¬ 
tions of the central and terminal knife-edges. 
Experience has, shown that for balances which 
are required to^wi^gh, in air, loads leas than 
1 kilogramme, the sides of the triangular frame 
formation shown in Fig. 2 (a), ( b ) should, as a 
firsjt approximation, bo of the same order of 
magnitude, and the beam should bo about 
6 or 7 inches in length. Other considerations 
which influence the exact shape of the beam 
aro : 

(a) The position of the centre of mass of 
the beam, which in its working condition 
must lie very close to the central knife- 
edge. The beam is clearly unstable if 
its centre of mass lies above the fulcrum 
knife-edge. 

(b) The approximato < positions of the 
terminal knife-edges, whether outside or within 
the triangular framework. 

(c) .Tho provision of a graduated rider-bar 
to -enable very small adjustments of load to 
bo made with the same rider weight. Fig. 3 
shows a form of beam which is in use both in 
fCngland and in other countries. 

This general shape is to be recommended 
as giving r * a satisfactory working analytical 



Fig. 3.—Design of Beam of sensitive Analytics^ 
Balance. 

*. 


balance for chemists and physicists, in which 
good sensitiveness is obtained, together with 
a 4 reasonably quick period of swing. The 
various modifications of shape of the beam 
employed by instrument makers can bo seen 
from their catalogues. In some designs the 
problem of obtaining maximum strength con¬ 
sistent with lightness does not appear«to have 
received sufficient attention. 

Interesting j>rrticulars as to the amount of 
bending of beams of different shapes, under a 
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given load, are shown by Felgcntrneger. 1 * It 
i§ estimated thaff the vertical depression of 
the terminal knife-edges for a beam like that 
shown in Fig. 3 lies between 0-01 and 0 001 
mm. for the maximum loads usod on ordinary 
analytical balances. # 

A shape of beam very largely found in 
balances which are used for loads of 1 kilo¬ 
gramme and upwards is shown in Fig. 4. 



Fiu. 4.—General Design of Beam for Heavy Loads. 


Tho material of which balance beams arc 
constructed should be of a low specific gravity, 
combined with high rigidity. Tho older 
balance-beams were made of brass or bronze, 
but tin; production of aluminium alloys of 
relatively high rigidity has in recent years led 
to the more general use of magnalium 2 (or 
other light allo£*) in the construction of 
beams. Its density is less than one-third ^hat 
of brass, while there is no sacrifice of rigidity ' 
by its introduction. It is desirable that 
tho beam should not tarnish with age. In 
this respect magnalium is also better than* 
brass, but if considered necessary, tjie beam 
should be covered with a protective coating, 
platinising being the most stable and suitable 
process. 3 

It is moro usual to make the beam in one 
piece rather than build it up from rods. 
Most frequently made of cast metal, th« beam 
should bo well annealed so as |p minimise 
strains and distortion. # Generally speaking, 
the simpler the form, the more likely tho beam 
is to be free from strains due t^ variations of 
temperature during the use of the balance. 
It is now possible to cut down the weight 
of a magnalium beam to approximately 100 
grammes, or even lest for a balance required 
to take loads up to 1 kilogramme. In com¬ 
mercial balances, whoro extreme sensitiveness 
is n*>t required, the beams are made either of 
steel or of a copper adloy. 

Adjustment of the Centred/ Gravity of th% 
Beavf, —It need hardly be remarked that the 
beam should be made as truly symmetrical as 
possible. The approximate • position of it! 
# centre of mass can be prearranged by calcula¬ 
tion, but when tho knife-edges and other 

1 Theorie, Konstruktiou und Gebrauch dcr Jfineren 
Hebelwage, published by Von II. 0. Tcubncr, Leipzig 
and Berlin. • 

J An alloy consisting approximately of 80 per cent 
aluminium with 13 per cent magnesium. 

* Both gliding and lacquering are open to some 
objection as a protective coating. 


attachments to tho beam are fixed, it is 
necessary to have two fine adjustments, viz.: 

(а) The stabiliser nut, often known as tho 
“ gravity bob.” This works on a vertical 
screw thread situated in the plane of symmetry 
of the beam, and allows gf sufficient adjust¬ 
ment of tho vertical position of tho ^centre of 
mass of tho beam. 

(б) The equilibrium nut (or nuts), working 
on a horizontal screw thread, and enabling 
tho beam to take up a suitable position of 
equilibrium. 

(ii.} Knife-edges. —The functions of the 
three knife-edges of a balance are important. 

1 ^ the first place the knife-edges must be 
straight, so that the load may be applied along 
a straight line. They must also be hard, 
and not tarnish, nor collect any extraneous 
deposit. 

'These conditions are best realised, in all but 
tho largest balances, by the crystal knife- 
edges made of agate or rock-crystal. Agate 
knife-edges with agate bearing-planes are now 
almost universally to be seen in chemical, 
analytical, and laboratory balances which 
withstand loads 
up to a few kilo¬ 
grammes. Above. 

, this loaf], steel 
knife-edges have 
been most frq- 
cyiently used, 
geifcerally with 
steel bearing- 
planes, but # some¬ 
times^ with agate 
pianos., It is de- 
si ra bio in these 
cases to use the 
moro non-rusting 
•varieties of s^eel, but in any case, great care 
shmdd be ^trrften to preserve the cleanness of 
the knife-edge. The possible influence of 
extraneous magnetic fields 
on a beam containing steel 
knife-edges should not be 
bvcrlooked when high pre¬ 
cision is required. 

The diagrams (Figs. 5a 
and 5b) show the angular 
shape of the agate knife- 
edge as employed in bal¬ 
ances nowadays. The actual 
knife-edge is the intersectidh 
of two plane faces inclined 
at an angle of about 120° as 
showi* 

It slftmld be Remarked at 
once that the knife-edge as 
employed in practice is only 
an approximation to the theoretical or mathe¬ 
matical “ straight-line ” bearing, the degree 
of approximation depending^ on tlie load to 



Fio. 5 a. — Sectional V iew of 
Agate Knife-edge mounted 
in Brass Triangular Block. 



Flfi. 51$.—Enlarged 
Sectional View of 
Agate Knife- 
edge before being 
mounted. 
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bo taken by the knife-edge. Tho virtual 
bearing part of the knife - edge Is, in the 
limit, a very thin band of surface, Vie exact 
location of which is to a small extent vari¬ 
able along the knife-edge, depending on tho 
exact manner of ^suspension of the load. 
The consequences of this departure from the 
“ mathematical ” knife-edge will be discussed 
under § (3). 

The actual fixing of tho knife-edges in tho 
beam requires considerable care, and the best 
adjustment of their positions demands much 
pationce. Strictly speaking, four conditions 
have to be satisfied, viz. (1) fixing the central 
knife-edge square with the plane of the bepm : 
(2), (3), (4) fixing the terminal knife-edges 
parallel to, equidistant from, and coplanar 
with the central one. Accordingly, full adjust¬ 
ment should be provided to enable these con¬ 
ditions to be fulfilled. 

Usually no adjustment is provided for tho 
central knife-odge, which is dovetailed and 
cemontod into a metal holder which is either 
part of the beam or else is rigidly fixed to it. 
The knife-edge on being cemented is set as 
nearly as possible at right angles to the plane 
of the beam. Tho most difficult and tedious 
part of the adjustment concerns the terminal 
knife-edges. A typical mode of attachment 
for English balances is shown in Fig. 6. 

This form of attachment does not provide 
a slow vertical adjustment of the knife-edg^. 



The effective length of an arm of the balance, 
as well as the parallelism of tho knife-edges 
in their horizontal plane, cVtn be adjusted by 
means of the screws, A, B, bearing^ormally 
against one side of the knife-edge block, while 
the knife-edge is held in position by one or 
more screws, C, passing through a slotted hole 
in the beam. Equality of arms is determined 
by the balance itself, and is secured either by 
weighing two masses which afe known to be 
identically equal, or, if equality of mass is 
not obtainable, -by interchanging the loads on 
tho two pans, and comparing tho equilibrium 
points. Lafck of parallelism of the knife-edges 


may be evident in two ways, either in a hori¬ 
zontal or in a vertical direction, and can be 
tested by weighing with the load on one arm 
suspended so as to bear only on one part of 
the knife-edge. A mass is thus suspended 
frtfin one* end (say the front ond) of a terminal 
knife-evdge and counterpoised by a mass 
suspended from the other arm of tho balance. 
By next suspending the first mass from tho 
other end of the knife-odge, and counterpoising 
against tho mass Suspended from tho other 
arm, the lack of parallelism of the knifo-edge 
in the horizontal direction can be detected. 
Parall&ism in the other direction can bo tested 
by noticing whether there is a change of 
sensitiveness of the balanco when tho bearing 
of the suspension is transferred from the front 
to the back portion of tho knife-edge. Tho 
effect on the sensitiveness of the balance due 
to tho three knife-edges not being exactly 
coplanar will be seen in § (2). 

An alternative form of attachment of the 
terminal knife-edges is used on balances made 
by Sartorius, of Gottingen, and is shown in 
Fig. 7. 

It permits of full rotary and translatory 
adjustment of the terminal Lnifo-edgos of the 



Fia. 7.—Form of Attaching it of Terminal Knife- 
edges made t^' Sartorius, of Gottingen. 


balance whenever required in the laboratory. 
The agate knife-edge itself is fixed in a metal 
casing which cah be set in correct position 
around the end of the beam by means of- a 
number of screw*. The scope of tho adjust¬ 
ment <?an be scon from the diagram. In effect 
the various screws provide both affine and 
an extra-fine slow motion. For example, the 
screw 1 gives**a slow-motion adjustment for 
the length of the arm, while tho screws,. 









BALANCES 


111 


3 and 3, can bo utilised to give an extra-fine 
slow motion. 

For work of the highest precision with the 
balance, the provision of these fine adjust- 
, ments in position of the terminal knife-edges 
is certainly appreciated. In many balan.^es 
made for low precision work, all throe^ knife- 
edges are dovetailed or otherwise fixed to the 
beam, without means of readjustment. 

(iii.) Balance Pans and Suspension Stimijys. 
—If the balance is required $ivo the highest 
accuracy, special consideration should be 
given to the means of suspension of the load. 
Since each terminal knife-edge is not a 3iatly> 
matically sharp edge, but a blunt or rounded 
edge in the limit, it is clear that the length 
of the arm will not be consistent, beyond 
certain limits, unless the load is applied at 
the knife-edge in a precisely consistent manner. 

In the more familiar types of analytical 
balance used in this and other countries, the 
agate plane which bears on a terminal knife- 
' edge igf mounted in a metal stirrup which 
has at its lower end a hook or an eyo-holo 
from which the balance pan hangs. The pivot¬ 
ing of the balance fans is necessary as a 
preliminary stop ^o secure that the apparent 
weight exertod by the load shall be independent 
of its exact position on the pan. If this were 
> not so, the agate plane would not remain 
horizontally on its knife-edge. 

Owing, however, to the finite size of the* 
pivoting, the load is not transmitted through 
the pivot in exactly the same w^y each 
• time, and, as a result, the agato plane may rest 
in a slightly inclined position, which for sake 
of illustration is exaggerated in the diagram* 
(Fig. 8), where W represents the total load on 



Fia*8.—Showing the Forces acting at a Terminal 
Knifo-e<lgo when tiie Agate Bearing-plane is 
slightly inclined to the Horij^ntal. t 

a terminal knife-edge, i.e. the resultant weight 
of the stirrup, the pan, and the load on th§ 
pan; R is the normal reactfcn between the 
• knife-edgo and the agate plane; pR is the 
frictional force between knifoqdge and plane. 

Balances which have their pans suspended 
by the ufy^al kind of hook-and-eye pivot may 
be relied upon to maintain a consistency of 
length of effective arm to with* one part in 
a few million, if other sources of error are 


absent, provided that the loads are placed 
reasonably centrally on the pans. For work 
of the bjghost precision, increased accuracy 
may be obtained by inserting, between the 
stirrup and the pan, cither a pair of knife- 
edges placed transversely or, in the case of 
small loads, a hollow cone resting on a conical 
point. * 

This idfca is by no means new, and lias 
been employed in national laboratories more 
particularly for the accurate maintenance of 
standards,of mass. The platform of a balance 
pan Lhould ho sufficiently stout not to yield 
appreciably under the load applied. 

(iy.) The Arrestment of the Beam and Pans 
and Suspension Stirrups .—In the averago 
analytical balance, three parts require arrest¬ 
ment. The central knife-edge of the beam 
should be raised a short distance out of 
contact with its bearing plane, and it is 
desirable to raise the suspension stirrups a 
little in order to remove the load on the 
terminal knife-edges. Further, it is usual 
to provide an arrestment for the pans so as 
to facilitate loading and unloading, and to 
steady them, lest by swinging they should 
interfere with the oscillations of the beam 
when released., 

The arrestment should enable the beam 
and stirrups to he raised so that the respective 
knife-edges are just clear of their agate hearing- 
planes, the margin of clearance being uniform 
tflr^pghout the length of a knife-edge. (In 
practice T V to v'n mm. would he a suitable 
clearance for the average balance. The 
amount of* clearance at the central knife- 
etlge thould be somewhat larger than thi$.) 
It is important that the arrestment and release 
of the beam, etc., should be arranged to bo 
mado precisely and consistently each time. 

# In the first^ place, the beam and the sus¬ 
pension stimjp3 should both be fixed definitely 
in position* when arrested. This is well done 
by the “ hole, slot and plane ” method of 
one maker. If an arrangement of this nature 
is properly adjusted so that the margins of 
tlearanco at the knife-edges are uniform when 
the balance is arrested, and the suspension 
stirrups ride symmetrically on their respottfivo 
knife-edges when the balance is released, the 
chances of inconsistent length of arm duo to 
tilting of the suspension stirrups ought to be 
minimised*as far as the design of the arrest¬ 
ment is concerned. • 

It should be noted that the majority of 
English balances do not allow of absolute 
fixing 4 A the beam and stirrups in arrestment, 
but provide only “ two-point ” support, 
instead of the “"hole, slot and plane ” support. 
This means that each item arrested is allowed 
a certain amount of rotation •about the line 
of the two-point support, with the result that 
the beam when arrested may lake up a 
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position with one of its terminal knife-edges 
in contact with an agate plane. 

• The mechanical gear for operating the 
arrestment is sufficiently familiar to users of 
the balance to render dctailod description 
unnecessary. A cam operated by a milled 
wheel outside the balance case raises or lowers 
a vertical fra#ie which carries the arresting 
stops or points. The same motion raises or 
lowers pan-supports, which are in good adjust¬ 
ment when thoy just touch the under surface 
of the pans as the arrestment is (completed. 
Sartorius has improved on this 
simple form of arrestment. 

Users of his balances will bo 
familiar with the manner in 
which ho has obtained increased 
consistency and precision of 
arrestment. 

(v.) Methods of determining 
the Deflection of the Beam .— 

Four methods may bo employed 
to measure the amount of deflection of the 
beam of a balance. These make use of— 

(a) The familiar balance pointer, moving 
over a suitable scale. 

(ft) A microscope or telescope. 

(c) An optical lover. 

(d) A combination of mechanical and optical ( 
magnification. 

(a) The Pointer Method ..—This is the usual 
method of determining the equilibrium position 
of a balance when more than ordinary precision 
is not required. Its operation is too familiar 
to need description, and it is sufficient to say 
that by this method the deflection of the 
l>C)im may be measured with an accuracy Af 
V or 2 ' (minutes of arc) without using optical 
means. 

The pointer scale is Visually a fixture, and 
an adjustment is made by means of a small« 
nut on the beam in order that \he rest point 
of the balance, at zero load, should be at tho 
centrb of the scaJc. 

M'Dowall 1 has suggested making the 
pointer scale adjustable to the rest position 
of the pointer. This may be arranged, if 
required, so that the adjustment can be made 
without having to open the balance case. 

(ft) By Microscope or Telescope (v)ithout 
other optical means of magnification ).—In this 
case tho microscope or telescope is focussed 
on a small scale rigidly attached to the 
ordinary pointer o£ the balance, and can 
be used to read the deflection of the beam 
to approximately 10 seconds of arc, i.e. 
with a precision of about ten times tfeat in 
case (a). r 

A telescope is preferable td a microscope, 
in general, because wherever the precision 
required is sufficient to justify the use of 
optical means, it is desirable to read the 
1 Chemical News, 1006, xclv. 104. 


balance at a distance in order to avoid tempera¬ 
ture disturbances due to the nearness of the 
operator to the balance. 

(r) By Optical Lever .—This method is re¬ 
commended when balance work of the highest 
piweisioh is to be .done. It is specially suited 
to ths accurate standardisation of weights, 
and is employed for this purpose at the 
National Physical Laboratory. 

A thin vertical wire, W, is placed in a beam 
of ligllt from a lantern, L {Fig. 9), containing 
a Pointolite lamp (100 volts 100 watts), and 


the rays, directed towards the balance, pass 
through a reflecting prism, P, on to a hori¬ 
zontal plano-concave lens, M, rigidly fixed to 
tho beam of the balance with its concave sur¬ 
face upwards. The plane nvrface of this lens 
is silvered so that the beam of light after 
reflection at this mirror is returned through 
the reflecting prism and given an exit through 
the front of the balance, with the result that 
an image of the wire can be formed at any 
suitable position, depending chiefly on the 
focal length of the lens M. 

By arranging the focal length of M to be 
equal to the optical path of the beam of light 
from W to the lens, the image can bo obtained 
in tho same vertical plane as the object-wire 
W. i^t the National Physical Laboratory, , 
where a number of balances aro fitted with 
this kind 4/ optical * lever as indicator, tho 
object-wire, W, and itfc image, S, aro arranged 
to be a^a distance of about 5J metres (i.e. tho 
length of the* room) from tho balance. Ths 
image S is brought to a focus on a white 
cardboard scale subdivided in intervals of 
2 mm., Vhich gives a convenient spacing for 
estimating the position*'of the image *%ith 
a preci|ion of J mm., corresponding to an 
angular deflection of the beam equal to 
4 seconds. This amouyt of magnification 
enables the smaller balances (say, those with 
load not exceeding a kilogramme) to bevread 
with a precision equivalent to a few millionths 
qf a gramme, which exceeds the accuracy 
generally obtained with a balance. Conse¬ 
quently this optical method of reading de¬ 
flections is specially suitable to the examina¬ 
tion o£ the errors inherent in balances. 

It may be remarked on referring «to Fig. 9 
that, as an alternative, the lens M may be 
replaced by a««mall plane mirror attached to 
the beam, together with a transparent convex 
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lens of practically the same focal length as 
'before, mounted # in front of the rfeflcctiif^ 
priam. Such a course is preferable in the 
case of a small assay balance, as it is difficult 
to obtain a small silvered lens giving suffi¬ 
ciently accurate focal length and good # defini¬ 
tion, whereas it is easy to obtain a small an® ! 
.•'very light optically-plane mirror. • j 

If considered desirable, tho lens or mirror 
vat M may be pivoted so as to facilitate 
Adjustment of the position * of the jpiage 
‘ on the scale, but the adjustment may 
equally well be obtained by providing the 
• reflecting prism with the requisite slow 
.rotations. • 

* In any case it is essential that the com¬ 
ponents of the optical system employed should 
be made as perfect as possible if a well-defined 
imago, is to be produced at a distance of six 
yards from the balance. Attention should, 
therefore, he given to the lens, mirror, reflect¬ 
ing prism, and any plate glass through which 
the beam of light lias to pass, so that their 
respective surface* should be finished and 
polished to a high degree of accuracy. 

Note .—Another modification of the method of 
rending angular detections by optical lever makes 
use of a. telescope in conjunction with a scale (as 
object) and a plane mirror which is fixed to the 
balance-beam and interposed in the optical pafli 
from the object scale to the telescope. For comfort 
in reading, the method illustrated by Fig. 0 is pre¬ 
ferable, while it also yields ample sensitiveness. < 

(d) By Combined' Optical and Mechanical 
Magnification {special case). —The following 
method is applicable in a limited number of 
special cases only. It deserves to Ik* more 
generally known and applied for the detection i 
of small motions ; and is particularly interest¬ 
ing as it was used by the Professor 
Poynting 1 in his Massif? experiments on the 
“ .Determination of the*Mean Density of the 
Earth and the Gravitation Cotlhtant.’i With 
a load as big as 20 kilogrammes on^each arm 
of his balance, fyynting was*able to measure 
small changes in weight of tho only \ milli¬ 
gramme to within n n accuracy or +0-000 
. mg!, i.e. to within one part in three billion 
of the load. # 

41 is method of reading the deflection of the 
. balance beam was t(^ use a double suspension 
jnirror, M ( Fig. 10), as an optical lever in myy 
junction with tho ordinary balance pointer, P. 

■'• •Tho mirror was suspended by two threads, 
from a fixed point*, the other from a poi*t 
ft)# moved with the swiftg of tho balance j 
Lmsfifter. . The general arrangement is shown 
JO, but reference should be made to 
ISHfegjn'g'f; * account for details of his lyrange- 
mm&n* sensitiveness of tins method was 

Trans., 1801, i-lxxj^i. 565. 


so fine that an angular motion T J 0 second 
of arc could be reliably measured. 



Fill. 10.—Diagram illustrating l’oyntlng’s Method 
of measuring Small Changes in Weight. (Side 
Elevation.) 


Note .— In order to obtain this extreme accuracy, 
it was necessary that the balance beam should not 
be arrested during the course of a set of readings. 
In other words, a massive balance, resting in equi¬ 
librium on its central knife-edge, was used to measure 
1 a small chuUgo in weight with great accuracy. 

( l» (2) General Theory of Static Equili¬ 
brium OF THE EQUl-AKM BALANCE. —It is not 
the •intention hore to present a detailed 
theoretical investigation of the perform¬ 
ance of n« balance which would take into 
unnsiifhration tho errors duo to imperfect 
positioning of the three knife-edges. Within 
the limits of this article full justico could not 
be done to this subject# It. is proposed to give 
a comparatively simple fundamental analysis 
•of Jho performance of the balance, and then 
to eunsido# if! a general way the effect of such 
errors of workmanship or adjustment *of the 
balance as are not covered by the simple 
theory. This manner of treatment of tho 
•subject would cover all ordinary require¬ 
ments of the balance*and also suffice for 
work of high precision, but in eases where 
extreme precision is required (as in the 
maintenance of the national standards of 
mass) reference should be made to tho excel¬ 
lent detailed contribution by Thiosen,* entitled 
“ Etudes sur la balance.” 

Simple Theory— The following assumptions 
will be mado in this investigation : 

(1) That the three knife-edges are all 
horizontal, and parallel to one another. 

(2) That the effective lengths of the arms of 
the balance are equal and invariable. 

• 

* Sec Tramux et moires, ifurmu International, 
J880, tonic v. 




,»In the diagram (Fig. 11) let 
I) denote the fulcnim knife-edge. 

. A, B denote the terminal knife-edges. 

C dohote the mid-point of AB. * 

S denote the oentre of gravity of the beam alone. 



Fig. il.—Diagram illustrating the Theory of the 
Balance. 


(ft is here assumed that DCS is perpendicular to 
AB. This is done for simplicity, since in practice 
the distances CD and SD are very small compared 
with AB.) 

Cot 

l -~AC=*CB=*the length of each arm of the 
balance. 

CD=a. 

SI)=s. 

0 =angle of inclination of the beam to the 
horizontal. < 

G = mass of beam alone. 

Q = mass of each pan with suspension stirrup 
(supposed the samo for left and right pun?,). 
P=load in right pan. u 

P-f z== load in left pan. 

17 = the acceleration due to gravity. 

By taking moments of the vortical ^oreds 
about tho fulcrum D, 

G. s. sin <f> 4- (P + Q )(l cos 0 + a sin 0) 

= (P + Q + z){l cps 0 - a sin 0), c 

.Bin 0[Oa + 2a(P + Q) + zd] -1. i. cos 0, 


tan ^ — Ga+ o[2(P + Q7+ =]• 

• 

To within the accuracy with which the 
sensitiveness of a balance is measured, there 
is no difference between tan 0 and 0, whilo z 
is very small compared with (P + Q), and may 
be omitted from the denominator. 

The sensitiveness of a balance is refined as 
the rate of increase .of the deflection of the 
beam for a given additional load on one pan, 
i.e. it is equal to 00/02 

or sensitiveness= 0 [2(P + <*))* * <*) 

If GK 2 is the moment of inertia of the beam 
alone about the fulcrum T), K being the radius 
of gyration, the equation of motion of the whole 


moving system, when balanced, ritey. 
written ‘ 5. ; ’ 

[2(P + Q)(a 2 + P) + GK 2 ] x ||+/(g) ' ’ 

^ -fgfGs-f 2«{P + Q)] x 0=sOj ; 

where the coefficient of 0 2 0/0f* is the momenbi 
of inertia of the whole system about the ful¬ 
crum, and the expression J(d<pJat) represents 
the resistance of the nir to the motion of the 
be ami' Hence f t^e period t of swing of the 
.balance is 

/2{f> + Q,)(a 2 +T a ) + GK 2 , 

m ' J7r V V{G« + 2a(P-t Q)| ’ • 

that is 

x /Sensitiveness x moment of inortia 
sjlg V of tho moving system, 

Sensitiveness x moment of inertia 
t 2 of the whole moving system ... 

' ‘ 4 Length of arm of balance x length’ ' 

of simple pendulum which be^-s 
true seconds 

The performance of a balance may therefore 
be summed up as follows, with the help of 
equations (1) and (2): ^ 

(<r) If tho three knife-edges arc coplanar 
under all conditions of loading of the balance, 
the sensitiveness is independent of tho load. 
This condition is not fully realised in practice 
»ow f ing to the bending of the beam under load. 

(6) For a beam with its three knife-edges 
exactly coplanar so that a is zero, increased 
sensitiveness is obtained by reducing G and s, 
i.e.: 

(i.) By making tho beam as light as possible 
consistent with strength, and 

(ii.) Py diminishing tho distance of the centre 
of mass of Abe beam from the fulcrum knifo- 
c ejlgc. ** * 

(Instability of tho* moving system is, oi 
course, V> l>o expected when the centre of mass 
lies above the fulcrum.) 

(c) If the fulcnim knifo-edgp lies just below 
the plant^ through the terminal knife-edges,. 
' so that a is negative, tha denominator inj.he 
expression to the right of equation (l) can oe 
made srgaller than it would be if tho three 
knife-edges W'ere coplanar. 

Hence increased sen#itiveness may bo 
(gained in this *vay, but greater variation 
with load is found as comparod with tho tfcam 
which has its knife-edges lying in the samp 
plane. ■' 

The increase (or decrease) of sensitiveneal 
with increase of load may be used as a criteripib 
of the position of* tho central knifo-edge w;itb 
respoctjto the plane through the terminal ond8,> 
The question as to whether a long beafla 
is preferable to a short one is a comprotaisp 
between the fallowing considerations. , 
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, • ' (1.)' fop a balance designed to take a givfn 
; load, an increase in the length of the beam is 
^Inevitably accompanied by an increase in its 
Much depends on the proportionate 
increase of l and G. 

For a beam of given mass, the stiffness 
considerably diminished by increasing its 
^length. Consequently the ideal condition of 
obtaining coplanar knife-edges for all loads is 
' less likely to be satisfied by a lpng beam^ 

»*/■ (ili.) Even if the mass of .the beam is kopt 
v. constant, an increase in the length is acconv 
panied by an increase in the moment of 
inertia of the moving system (i.e. of *boaw 
and load), and, therefore, by an increased 
period of swing. 

•» (Note .—In the final choice of length of beam, 

' other questions are involved, such as the degree of 
v invariability of the effective length of the balance 
arm, and the uneven distribution of temperature 
along the beam.) 

Nearly all balances arc provided with a 
stabiliser nut or adjustment for raising or 
lowering the centre of gravity of the beam. 
.For a given balaneo beam, increased sensitive¬ 
ness is only obtained at the expense of in¬ 
creased period of swing. (At the same time 
a good compromise may be obtained by kfiej)- 
ing a relatively quick period of swing and i 
reading the deflection of the beam with greater 
precision, say, by optical methods.) ^ 

The following table indicates the perform- 1 
anco of a standard typo of sensitive analytical 
balance by a well-known English maker : 




Criterion of 


Piwithm <>f 

1 .... 

Snirttivonnw of 

('omi>i«te 

SUbillser 




Nut. 


Whit* Scale within 




Ualaitue Ohm*.) 



• 

. 



trm. 

Klin. 

*ec.. • 



0 

0-0008 

13 

Low (most 


1(H) 

0 0008* 

• 21 

stable) 


2(H) 

0 0008 

28 

• 


• 0 

0-0005 

17 

Mean . 


1(H) 

0-0005 

t 2 8 

- 


200 f 

0-0005 

36 



0 

0-0001 

3.1 

High (least 


100 

0-0001 

*.53 

# stable) 


2(H) 

- 0 

0 0001 

63 


a '^.-(l) The value given iif the third columif if 
V > the above table is tho mass required to be added to 
i^r ono pan of the balance in order to change tho rest 
^'ifcoiht by one division of the sc%)e. The smaller flio 
£•'{$»]UO given, the moro sensitive tho balance. 

The scale referred to above was one- of the 
?usuol millimetre scales read by h pointer about 10 J in. 

long. One division thus corresponds to ar^ angular 
^deflectidk of the beam equal to about 1°. 

abovo particulars refer to a balance of 
yyi&' fcype shown in Fig. 1 with 15 beam of light 
alloy weighing about 50 grammes. 


Calculations made from the observed values 
of the sensitiveness and poriod of tho balance 
under varjpus loads show that the distance of 
the fulcrum knife-edge from the plane through 
the terminal knife-edges is about 0 0002 inch, 
while the distanco of the centre of mass of tho 
moving system below tho fulcrum varied' 
from 0 001 to 0*01 inch according at? the high 
or low position of tho stabiliser nut was used. 

The period of the balaneo should be regu* 
latod, in consideration of the above table, 
according # to tho naturo of the weighings to 
bo mafic, and the accuracy required. 

Where work of the highest precision is not 
esser^ial, it is an obvious advantage to use 
the balance in its condition of quickest period. 
A to and fro period of 13 seconds is sufficiently 
long to enable observations to be taken com¬ 
fortably. The least stablo position is not very 
useful as, owing to great sensitiveness, balance 
cannot be obtained unless the loads to be 
compared haVe very nearly the same weight. 
A difference in load of 1 milligramme is 
sufficient in this case to send tho pointer off 
tho scale. 

§ (3) Errors and Limitations of the 
Balance. —The high magnification obtainable 
by present-day optical methods of reading 
the deflection of the balance beam makes 
imperfections of the balance all the more 
prominent; but with the ordinary method 
of reading by means of a pointer attached to 
t?io* beam, it is noticeable at times that 
irregular changes occur in the rest point, of the 
balance even when unloaded. A number of 
oausca, all* contributing to a greater or less 
extent in limiting the performance of a balance, 
will now be considered. 

In the first place it will bo assumed that 
the balance in questiofi is of normal type, say, 
• an analytical balance, without any optical 
refinements # ior w r ork of highest precision. 
Such a balance, can readily be obtained with 
a sensitiveness of | or 1 piilligrammo per 
division, i.e. a change of load of | or l mg. in 
ono pan causes a deflection of 1 division 
•(usually 1 millimetre) the scale over which 
the pointer swings. The user of this balaneo 
will be able to read the deflection of the painter 
with a precision of ' , n o division corresponding 
to \\ mg., or at best mg. 

In general this precision in reading the 
balance fill represent the accuracy of weigh¬ 
ing, if 

(1) Tho usual buoyancy allowances are cor¬ 
rectly applied. 

(2) » The weights used in tho process of 
weigh frig are accurate, or their errors from 
nominal valuos*correetly allowed for (see Part 
II. § (7) for further reference to standards of 
mass), provided that due smre is taken in 
checking the rest point of the balance from 
time to time. This raises a qifestion which 
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has concerned chemists and analysts for some 
time. 

The rest point ( i.e. the equilibrium position) 
of an unloaded balance varies somewhat from 
time to time, so that during a sorios of weighings 
by counterpoise method, i.e. with a constant 
mass on one pan, discrepancies of the order 
J to 1 m£. would occur in the woighings unless 
the rest point were checked corscsponding to 
known conditions. 

Thfcso discrepancies are, partly, of a regular 
nature, though unexplained change^ seem also 
to have troubled balance-workers. 1 * 

Whether regular or irregular, the errors 
may be classified under two main headir^s : 

(а) Changes in effective length of the arms 
of the balance brought about by 

(1) Slightly different position of contact 
between a terminal knife-edge and the suspen¬ 
sion stirrup. 

(2) Thermal expansion of the arm. 

(3) Bending of the arm with change of load. 

(4) Other small movements in tho knifo- 
©dge holders. 

(б) Changes in tho atmospheric conditions 
within tho balance case, as affecting the 
buoyancy of the parts of tho balance, more 
especially the load. These changes are chiefly 
thermal, but may be influenced by changes in 
atmospheric pressure and humidity within 
the balance ease. 

(i.) Thermal Effect ?.—Consider first the 
thermal effects on the beam and pans. Ui^e.?s j 
tho distribution of temperature within the j 
balance cose is, Absolutely uniform, the arms j 
of the balance beam, though assumed perfectly J 
symmetrical, will vary in length in a manncT i 
which renders exact allowance for it trouble- ! 
some. A straightforward calculation shows ! 
that the total upward force on an arm of the I 
beam duo to atmospheric buoyancy is approxi- « 
matcly 0-006 gramme for an average sensitive ! 
analytical balance, while buoyant force on a • 
suspension pan, yicluding stirrup but no load, ! 
is also about 0-006 gramme. 

A change in temperature of -j 1 ^ 0 C. corre- \ 
spends to a change in r air density of 1 part in* 1 
3000, if pressure and humidity are constant, 
and since differential variations in temperature 
botwcon the left and right arms or pans of tho i 
balance do not, in general, exceed one or two 
tenths of a degree (Centigrade), any change ' 
in rest point of the balance due to atmospheric j 
buoyancy must be due to differential buoyant ; 
forces on tho load only, and these would in tho ' 
ordinary way be allowed for by making the 
usual buoyancy correction. ( 

There still remains to he considered the 
thermal expansivity of the c beam. If the 
material of tho beam is oj light, alloy, e.g. 
magnalium, a coefficient of linear expansion 
0-000024 per 1° C. may be assumed. 

1 Chem. & l oc. J. Trans., 1917, cxl. 1035-1039. 


«Tn weighing a mass approximately equal to 
100 grammes, a difference of C. between 
tho temperatures of the arms would correspond 
to a change of 0 000024 gramme in the appar¬ 
ent weight. This degree of uniformity of 
temperature is not readily attainable. 

It ys difficult to measure temperature within 
a balance case to within ±0°-02 C. with tho 
best mercury thermometers. If tho tom- 
perature distribution around the beam is 
stead/, the errortjjm he eliminated by double 
weighing. Very often there is a small but 
persistent gradient of temperature parallel to 
t(jo bt^im, but, in addition, there are fluctuating 
changes of tho order 0°-02 C., which, however, 
may be considerably diminished by screening 
the beam from the pans by means of a hori¬ 
zontal partition which divides the balance 
case into two chambers : 

(a) The upper one containing tho beam : 
this is kept undisturbed as far as possible from 
external influences. 

(h) Tho lower chamber, containing the 
suspension pans and load : the temperature 
distribution within this part of the balance 
• case is more susceptible to fluctuations owing 
to the practical necessity nf opening the caso 
in order to change the load, 
i «Manley 3 has in vestigated this matter in 
j some detail with the aid of a sensitive bolo¬ 
meter for measuring small temperature changes 
•'within the balance case. Particulars are given 
by him as to the relative amounts of tem¬ 
perature fluctuation in balances with and 
without protected beams. 

There is one other thermal effect which 
deserves attention. It appears in the existence 
of a temperature coefficient to the rest point 
of a balance at a givrii load. This has probably 
been notice]- by regular workers with the 
fyilanco, but its explafiatioVi is to some extent 
elusive. Tho amount 1 of tho thermal change 
per 1° tf. is approximately of the order I to 
10 parts in one million of the load applied, 
according to the balance. As far as can be 
judged fr^m tho behaviour of several makers’ 
balances, all seem to Jiave an appreciate 
coefficient, which is not necessarily perma¬ 
nently constant. 

Manley 3 has investigated the thermal 
behaviour of a number ofebalanecs, and asserts 
tibftt the change i»- rest point due to a uniform 
change in temperature of tho balance c.tfhnot 
be traced to 

*■(«) slight differences in the flexures of the 
two arms of the balance as tho tem¬ 
perature varies, nor to 
(h) different coefficients of thermal expan- 
c sion of the two arms, 
but attributes the phenomenon ifti small 

irregularities in the movements of the several 
o 

* Phil. Tram., 1910, rex. 387. 

* Hoy . Hoc. Proc.., 1912, lxxxvl. 591. 
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grotips of screws together with their associated 
Jknifo-odge bloekrf. 

It is indeed advisablo, owing to incon¬ 
sistencies in thermal behaviour, that the beams 
of new balances should be suitably aged, like 
other precision instruments, bofor# being 
relied upon to give trustworthy values of trio 
highest order of accuracy. 

(ii.) Further Causes of Changes in the 
Effective Length of the Arms of a Balance .— 
When it is considered that % standard pattern 
sensitive analytical balance is capable of 
woighing 100 grammes with a precision of 
,fJ 0 - mg., i.e. to an accuracy of 1 part #n one 
million, it is readily realised that the relative 
lengths of the arms of the beam are consistent | 
to this degree of refinement, i.e. to within 
three-millionths of an inch on a 11-inch arm. 

As remarked under § (1), the virtual bearing 
part of a “ knife-edge ” is,not a mathematical 
line, but a band of finite width the evenness l 
of which depends on the accuracy with which 
tho kr#fe-edge has been ground and polished. 
In a badly made knife-edge the surface of 
contact may be irregular instead of being a 
straight band, and the effective length of the 
balance arm ma}'*be unreliable in consequence. 

It is therefore an additional security for 
high precision weighing if the stirrup canjbe 
designed so as to give absolute freedom of* 
suspension of tho load at each terminal knife- 
edge. This has been referred to in §(1). bfc 
order to secure sufficient consistency of length 
of arm for accurate weighing, it is essential 
that the agate bearing-plane should not vary 
appreciably in angular position. It is there¬ 
fore very important that careful ritention 
should be paid to tho design of the arrestment, 
particularly at the terminal knife-edges. 

One other source of possible jneonsistoncy 
of arm is clearly rflue the presence of dust # 
or dirt at a knife-edge hearing. This mly 
cause errors of weighing with# the b^st knife- 
edges, especially if they are not set accurately 
parallel to the fulcrum knife-edge. 

The possibility of unequal bonding of the 
two arms of the beam under loau has often« 
ffCcn suggested as a # causo of error in precision 
weighing, but in a well-designed balance the 
tgtal bending of an arm for the tnaximiun 
load is very smal^ e.g. of *the order 0 0002 
inch. Tliis amount is toy small to produce 
a ^considerable shortening of the arm ^n 
consequence. 

An estimate of the amount of bending #*an 
bo made by means of the formula (2) in § (2); 
for if tho period of tho balance is observed 
corresponding to several • different loads, the 
vortical distance of the fulcrum knife-edge 
from ^Jio plane through the terminal knife- 
edges can ho calculated from a knowledge of 
the mass and length of the hewn, and tho mass 
of tho suspension stirrup and pan. 


(iii.) Effect of Buoyancy of the Air on the 
Apparent Weight of a iWy.~ The necessity 
for making duo allowance for the upward 
buoyant Force of the atmosphere on tho body 
to be weighed is too well known to require 
special emphasis hero; but reference may be 
made to cases whore high accuracy in the 
application of the buoyancy confection is 
required. TJho upward buoyant force on a 
body is equal to tho weight of air displaced 
by it, i.e. equal to its volume x the atmo¬ 
spheric density. Whenever desired, the volume 
can generally ho obtained with sufficient 
accuracy, but the evaluation of atmospheric 
density, unless there are experimental means 
of determining it, requires a knowledge of tho 
three items: 

(1) Temperature of the air within the 
balance case. 

(2) Pressure of tho air within the balance 
case. 

(,'i) Humidity of the air within the balaneo 
case. 

It is usual, in many operations, to assume 
a specific value of the humidity of the air, 

I and Of)| per cent is accepted in some branches 
of work as a good average value. Table i V., 
§ (IP), of air densities, at the end of the 
article, is based on this assumed value of 
the ImnAditv. It should l>c noticed that, 
given the temperature and pressure, the 
densities of perfectly dry air and of air 
Saturated with water vapour differ by about 
1 # part in 200 at ordinary temperatures. 
In cases where a proportionate accuracy 
exceeding# 1 part in 400 is aimed at, it is 
•desi^ble to determine the humidity of the 
air within the balance case. Unless the 
hygrometer used for this purpose admits of 
being used within «tho balance case, it is 
advisable to remove any drying agent that 
nyiy be kepf inside the case, and measure the 
humidity # outside, assuming that equalisation of 
humidity has been effected within and without. 

§ (4) Conditions and Methods of Use of 
the Balance in Practice. —It is not intended 
here to give more thaji general indications of 
the conditions and methods attaching to tho 
use of the balance in practice. # 

From the chemist’s point of view an excellent 
account has been given by Rae 1 and Reilly, 
with mention oft the more usual precautions 
to be t&ken in chemical weighing. 

(i.) Setting up a Balance .—The desirable 
conditions to be satisfied in choosing a site 
for a balaneo are a very steady support in a 
rooy .1 with a very steady temperature. The 
disturbing effects of temperature are probably 
the causes of most of the difficulties in accurate 
weighing. When tho balance is first set up, 
assuming that* its component parts, and 
especially the arrestment, appear to be in good 

1 Chemical News, 1910, cxiv. 187«189, 200*202. 
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•working order, the operator Bhoukl teBt its 
performance thoroughly before putting it into 
general use. An intimate knowledge of the 
behaviour of the balance in desirable, with a 
view not only to anticipating or forecasting 
the errors of weighing, but to adapting tho 
methods of weighing so as best to suit tho 
■^circumstances. 

In ordor to obtain tho highest precision 
from a given balance it is suggested that the 
_ following points should be examined in the 
' initial tests : 

(а) Sensitiveness and period of tlio balance 
for different loads and different positions of 
the stabiliser nut (gravity bob). 

The position chosen for the gravity bob in 
a particular set of weighings should be that 
which gives a sensitiveness compatible with 
the accuracy sought for, together with a 
suitably short period of swing. Very often 
it is desirable to sacrifice sensitiveness for the 
sake of obtaining a quick swing, but the 
methods of reading may bo improved if 
increased sensitiveness is still required. 

It is often useful to bo able to adjust the 
position of tho gravity bob quickly and accur¬ 
ately so as to change from one to another 
predetermined condition of sensitiveness. 

(б) The degree of equality of the arms of 

the balance. * 

(e) The consistency of the rest point. This 
shguld be tested at several loads (especially 
at the maximum load taken by the balance 1 ; 
over a considerable period of time. It id ay 
happen, more particularly at the maximum 
load, that the beam when allowed to swing 
takes a little time to accommodate itself to 
the strain due to the load. In addition it is 
often useful to determine initially the effect 
of temperature on tho rest point. This again 
will vary with the load. 

( d ) The degree of freedom of Suspension of 
the load. While exact centring of the load on 
tho balance pan should not be necessary for 
genoral work with balances in which the pan 

. is suspended by the usual “ hook and eye ” 
joint, it is well to verify in the first place what 
errors, - if any, result from purposely placing 
tho Ipad out of centre on the pan. This 
should show up bad workmanship either in 
the accurate finishing of the knife-edges or 
in faulty positioning of then. If specially 
required, tho parallelism of the knefe-odges 
may be separately tested as indicated in § (1). 

(e) Accuracy in the use of the rider. It is 
here assumed that tho graduated bar which 
holds the rider weight when in use is arranged 
to be in the plane through the terminal^knifo- 
edges. This is not always the ease, but unless 
it is so, the apparent weight of tho rider when 
placed on the rider bar wilf depend on tho 
inclination of tho beam to the horizontal. 

The accuracy of graduation of the rider bar 


should also "be tested, especially if it'is intend^ - 
to use relatively barge rider weights. / \'T, 
A comparatively recent innovation,, which, ’ 
avoids the use of a rider and of fractional^, 
weights smaller than 50 mg., has been madb v - 
b» r Mosers. Christian Becker & Co., New York,. 
in their ehainomatie type of balance. This ‘ 
instrument is of the usual construction of 
knife-edge balances, with the exception that' 
changes, of weight less than 50 mg. are 
measihed by meopa of a gold chain, with very " 
fine links, hanging from the beam. The 
change of weight a obtained by varying the - 
effective length of the chain, which hangs in , 
the form of a catenary, with its lower end 
attached to a vernier, which may bo racked " 
upwards or downwards against a scale gradu- H 
ated in milligrammes on a fixed post indfc- 
pendent of the balance beam. The position 
of the vernier (and,hence the effective lcpgth 
of the chain) can be adjusted from outside 
the balance case while the beam is swinging . 
and the case closed. A number of »haino* 
matic balances arc in use, particularly in 
America. For further details reference should 
bo made to Messrs. Becker do Co.’s catalogues. 

(ii.) Method# of Weighing.—In all work with 
knife-edge balances, it will be found that the 
instrument is relatively slow to use. In 
’ genoral, tho practice of weighing by the null ” 
method is followed, i.c. the load on one arm of 
Jdio beam is adjusted so as to obtain zero 
deflection of tho beam, which is usually taken 
as corresponding to the position of the pointer 
opposite the central line of the scale. Tho 
realisation of the equilibrium position is, of 
course,/facilitated by a prior knowledge of tho 
sensitiveness of the balance in terms of the 
value of one division of the scale. >. 

Alternatively, if tho operator has obtained 
balance with the p .into.” reading a few 
divisions away from tho centre of the scale, 
he may calculate from the sensitiveness of tho 
balance the extra loading on one pan necessary 
to make the pointer read zero. 

This is peally a variant in the mothod qf 
reading the deflection of the beam with the" > 
pointer; but apart from this, the folloVnig• 
four mothods may bo used in weighing, .j, 
according to the precision and other conditions 
defined by the work on tho balance: '\i 

(a) Single weighing. . 

( (6) Counterpoise weighing. V 

(c) Double weighing. ‘ - 

(d) “ Double-double ” woighing. p 

(a) Tho torm ‘‘ single woighing ” impM** 

that tho body to be weighed is suspended- 
from one arm and balanced against known 
weights operating on the other arm of tl^O* ;*• 
instrument, and clearly makes an assq«npfcion' ; - : 
that the arms are equal. 

This assumption can always be tested easily^ 
by making a “ double weighing,” t.e. by seeing * 



• : fioV-tho weight of the body varies according 
to the arm from which it is weighed. 
y' - It has been found, in genoral, that the 
^effective arms of a good analytical or chemical 
■ ^balance are usually equal to within 1 nart in 
,idO ,000, which means that the method 
; single weighing may be used to give very fair 
L.-accuracy, other conditions being favourable. 
y tt is often sufficient to moet the requirements 
of certain experimental work where • only 
./relative measurements are dm rod. Analytical 
' f {tnd chomical weighings are usually relative 
;;6nly. , 

^... (6) In cases whore it is considered that thfc 
©quality of the arms cannot be assumed, a 
' choice lies between “ counterpoise weighing ” 
and “ double weighing.” The former is well 
suited to many kinds of experimental work and 
. is quicker than the latter. 

In counterpoise weighing, a constant mass 
is kopt on one pan of the balance, and known 
weights aro used on tho other pan in addition 
to that which has to be determined. Weighing 
is thus made by substitution, and is inde¬ 
pendent of tho length of the arm of the balance. 

Wherever necessary, allowance should be 
made for the buoyancy of tho loads, including 
that of the counterpoise. Sometimes * in 
accurate work, extending over a period d! 
time too long for constancy of rest point to 
be obtained, a correction for tho temperaturo 
' coefficient of the balance is needed. 

(c) In “ double weighing,” tho ordinary 

single weighing is repeated with the loads 
interchanged in the pans, the object being to 
minimise the combined errors due to inequality 
of arms of the balance beam and inequality 
Of temperature distribution within the balance 
case. • 

(d) If there is ft progressive eltrfftge of rest 
\ point of the balance dqp cithor to a gradual 
/increase in temperature or to # other causes 

happening between the two parts of a ‘^double 
weighing,” it is clear that a certain inaccuracy 
f will, result, since* the two weighings aro not 
symmetrical in point of time with Aspect to 
thaaprogressive changos in tomperature, etc. 
*’,]jenco in the most accurate work, such as the 
£ comparison of standards of mass, the # double 
wel&hing ” is repeated in the reverse order 
according to the following scheme, where A 
r and J3 are the loads compardtt: * • 



If desired, weighings (2) anfl (3) may bo 
r Replaced by one weighing. 


The above procedure bus the advantage" 
that the operator Is able to delect changes of/ 
zero of tlie balance and to estimate the 
corresponding uncertainty of weighing. 

(iii.) High Precision Weighing .—While the 
sources of error which aro generally associated 
with the uso of balances have already been 
indicated, it is interesting to notice what degree 
of accuracy ckn be obtained with the utmost 
precautions and tho most refined methods. 
In this connection, reference should lie mado 
to tho standardisation of mass entrusted to 
the Bureau International dcs Poids et Mcsures, 
Sevros, Paris. A detailed account of the 
balance, methods of use, and resulting accuracy 
is given in the publications 1 of the Bureau. 

It is noteworthy that the various national 
copies of the International prototype Kilo¬ 
gramme Standard of Mass have been deter¬ 
mined with a general precision of 4 0-000007 
gramme, i.e. to within 7 parts in 1000 
million. 

In order to obtain this precision, the following 
precautions wore taken in the use of the 
balance : 

(1) The errors due to fluctuation of 
temperature within the balance case were 
minimised by providing the balance with 

•gear for loading and unloading the pans from 
a distance, without opening tho balance case, 
and by reading the balance at a distance. 

9 T^c deflection of the beam was read by optical 
love# with the operator and telescope at a 
distance of about 4 metres. 

(2) The suspension of tho load was made as 

fiyo a%possiDle by providing what is equivalent 
to a universal joint between it and each 
terminal knife-edge. This joint takes the form 
of a pair of transverse knife-edges, which 
ensures that the load is applied at one definite 
•point on the agm, i.e. tho point in the terminal 
knife-edge yertically in lino with the supposed 
intersection of the additional transverse knife- 
edges. • 

Without this precaution tho effective length 
of tho arm would not be sufficiently definite 
^or the accuracy required. 

§ (5) Vacuum Balances. — In some cases 
of weighing in air, it is not always easy tf> “de¬ 
termine the actual density of the atmosphere 
with the precision necessary to determine the 
buoyancy correction to an accuracy comparable 
with thaf of tho weighing itself. This is the 
case in the comparison of standards of mass 
of widely different densities such as platinum, 
brass, and quartz. In special work of this 
kind,*and also in the determination of certain 
fundamental cqpstants, it is often desirable 
to weigh in a rarefied atmosphere or in vacuo, 
by means of a •vacuum balance. Vacuum 
balances may thus be used fn two ways. In 

1 See Travaux et Mimoires. In thl^connectlon see 
also Conrady, Proe. Roy. Soc., 1922. 
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the first place, the actual weighing may bo 
carried out in an enclosure where the residual 
prossure is so low that tho buoydhcy correc¬ 
tion is negligible. This entails the provision 
of gear for loading and operating tho balance 
from without, particularly in making tho 
final adjustment of load necessary to obtain 
equilibrium. On tho other hand, in the 
absence of such gear, it is convenient to obtain 
approximate balance at atmospheric pressure, 
and then diminish the pressure within the 
balance case until equilibrium & obtained. 
In this way it can bo arranged for equilibrium 
to be secured at low pressures of the order 
5 cm. of mercury, measured by a mbreury 
manometer gauge connected with the interior 
of the balance case. The buoyancy correction 
would then be small enough to admit of 
accurate determination to within the limit of 
precision of weighing. Crookes 1 and other 
investigators have used the balance for 
weighing in this manner in a rarefied atmo¬ 
sphere, while of tho balances designed for 
weighing in vacuo, reference should be made 
to tho vacuum balance 2 constructed by 
Bunge for the Bureau International at Sevres. j 
This balance is designed so that the combined 
operations, viz. 

(i.) Exact adjustment of equilibrium by the* 
addition of small weights, 

(ii.) The release and arrestment of the beam, ( 
(iii.) The reading of the'swinging of toac 
beam, c 

(iv.) The interchanging of the loads on tho 
two pans, c 

can be performed at a distance of a few fiiet r«s. 

§ (fi) Micro-balances. —Before examining 
the range and performance of micro-balances, 
consider first the proportionate accuracy 
obtainable from balances in relation to the 
load weighed. It has been shoVn (§ (4)) that ; 
with a balance taking loads up td 100 grammes 
or 1 kilogramme, a precision of 1 part in 10® 
of the load Weighed represents the best 
accuracy obtainable, under good conditions, 
with the utmost precautions in weighing* 
This limiting precision is governed most 
closely by the degree of uniformity of tem¬ 
perature within tho balance case, as affecting 
the relative? lengths of tho arms of tin; balance. 
With brass and magnajium beams, this 
limiting accuracy corresponds to £ relative 
consistency of less than tbW 3 C. in the 
mean temperatures 3 of the arms of the balance. 
The larger the balance, the more difficult it is 
to realise this high degree of consistency of 
temperature throughout the length r <tf the 
beam. Consequently increased proportionate 

1 Phil. Trans., 1873, clxiU. 277. 

* Traraux et MJmoires du, bureau International, 
tome 1 ; also La Convention du mdtre , by Guillaume, 
published by Gauthier Vlllare, Paris. 

* The coefficient of linear expansion is approxi¬ 
mately 0 00002 per 1° C. 


accuracy of weighing cannot be expected ; 
from the larger balances. 

Of the balances with metal beams designed 
to take small loads not exceeding 1 or 2 
pamivjes, the Assay Balance of L. Oertlipg, 
L.td., may be considered typical. As at 
presbnt designed, it enables woighings to be 
performed with a limiting proportionate 
accuracy lying between 1 part in 10 6 and 1 
partein 1() 7 of^the maximum load, if the 
balance is read l>jf means of an optical indicator. 
Greater proportionate accuracy might be 
seeuted by redesigning the beam of this 
balance so as to be lighter in comparison with 
tho load to bo weighed, but, generally speaking, 
little has been done in the direction of obtaining 
greater absolute accuracy than the millionth 
of a gramme (or a few ten-millionths) with 
knife-edge balances having metal beams. 

Some progress has, however, been made 
with the use of quartz for small balance 
beams, while still maintaining a proportion¬ 
ate accuracy of 1 part in 10 8 , or bettor, in 
the mass weighed. 

Of tho earlier micro-balances little will !>e 
said here. Reference may bo made to the 
wqrk of Angstrom, Nernst, 4 Brill, 5 and others. 
t A substantial advance was made by Steele 6 
and Grant, who designed two micro-balances 
with beam and fulcrum knife-edge both of 
quartz. The use of fused quartz as the 
material of the beam has the following 
important advantages. 

(1) It is light and incorrodible. 

(2) Its tensile strength is great, and it is 
almost free from elastic fatigue. 

(3) Its thermal 7 expansibility is very small 
(about one - twentieth of that of brass or 
magnllium). This is a valuable property, 
since it males for qynst^ncy of tho effective 

| 'length of tho beam, «and also for consistency 
of rest point. y 

(4) ft is readily obtained in the homo¬ 
geneous condition, and it is easily manipulated 
in the oxy-coal-gas flame. * 

Irregularities of behaviour due to electrifica¬ 
tion of tho beam durftig handling maf 1, be 
avoided by ionising the air inside the balance 
case with a small quantity of radioactive 
substance. 

In Steelo and Grant’s balances, the quartz 
*iulcrum knife-ecfgc was fused in positiqp ou 
tho beam. The ordinary scale-pan suspen¬ 
sion from terminal knife-edges at the ends * 
of the beam wat not used. A counterpoise 
bulb was rigidly attached to one end of the 
beam, and balanced at the other end by a 
suspension pan which hangs from a fine 
verticil quartz fibre, fused to the be^jn. . This " 

4 Nachr. K. Oes. Wins., Gottingen, 1002, li. - 

8 L'hem. Sac. Journ., 1908, xrill. 1442. 

4 Roy. Sue. l*roe., 1000, lxxxii. 580. • ~ 

7 The coefficient of linear expansion is of the order 
0 000001 per 1° C. 
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mode of suspensiyn of the load was found to 
give better results than either the ordinary 
“ knife-edge and plane ” or the “ point and 
plane ” suspension. 

This design of beam and suspension avoids 
the tedious adjustment, so necessary in tKb 
case of ordinary analytical balances? for 
placing tho terminal knife-edges in plane and 
parallel with the fulcrum knife-edge, and 
equalising the lengths of the arms. ^ 

It should be noticed thatjfti micro-balances 
with fibre suspension in place of the terminal 
knife-edge, tho effective length of the b^lanco 
arm varies with the deflection of tho beam 
owing to the lack of perfect flexibility of the 
fibre, but sinco the weighing is made from 
one arm by a null method, no error is introduced 
on this account. 

An important question arises in tho calibra¬ 
tion of these instruments. If the balances 
should bo intended for weighings in air at 
current atmospheric pressures only, a 9et of 
standards of mass, suitable for the range of 
balance, would bo required. There is clearly 
a limit to the size of weight which can practi¬ 
cally be used. 

Even in assay ^balance work, the smallest 
weights used, i.e. \ mgrm. (and rarely* 
mgrm.) riders, are very small and easy to lotfc, 
though made of light material. Clearly the 
use of a comprehensive set of small weights 
is impracticable for a balance which is sen si- a 
tivc to ! (Yf.V.jMj mgrm. or less. 

The use of weights is, however, unnecessary, 
except in the initial calibration of the balance, 
since small changes of the load can be balanced 
by changing the upward buoyant force on the 
beam and load by varying the pressure within 
the balance case. * 

The micro-balance is Julius used.,* a vacuum 
balance, and the cliangq in weight is measured 
by the change in density of the air required 
to restore the balance to its initial ^position 
of equilibrium. When tho temperature is 
constant, this change in density is proportional 
to the change in pressure as measured by a 
mfpeury manometer»attached to the balance 
case. For micro-balance work of high pre- 
’ cision it is necessary to apply a correction for 
tefftperature changes. 

It should be observed that the standard of 
•reference with which the weighings are ctnit- 
pared is tho difference in air-buoyancies of 
the two arms of the balance under certain 
recognised conditions of ^temperature and 
pressure. Suppose this difference is m grammes. 
Then any substance not hoavior than m 
grammes can be weighed as follows : 

Note # tho equilibrium point when the scale 
mn is 6mpty, and read tho pressure within 
wio balance case. Place the substance to be 
weighed on the pan, and adjust tho pressure 
until tho same equilibrium position is obtained. 


Tho mass to be weighed can then be cab 
culated from a knowledge of tho pressures. 
If the buoyancy difference is not known from 
volumetric measurements made on tho bulb 
of the beam, it is clear that the balance will 
need to be calibrated by means of a mass that 
lias been standardised on some otheg balance, 
say on an assay balance. In this caso tho 
proportionate accuracy given by the micro- 
balance is limited by that obtainable from the 
assay balance. Masses larger than m grammes 
may be weighed on the micro-balance by 
making a set of weights, in effect counterpoise 
weights arranged in sizes so that the difference 
bctw«en consecutive sizes is always less than 
m grammes. Weighings can then he conducted 
up to a maximum limit equal to the weight of 
the largest counterpoise, provided this is not 
too large a load for the balance beam to 
withstand. 

Used in this way, the micro-balance is an 
excellent means of measuring relative changes 
of mass with high precision. Steel and Grant 
have been able to obtain a sensitiveness 
exceeding one-hundred-thousandth of a milli¬ 
gramme (1 x 1()" 8 gramme). The absolute ac¬ 
curacy obtained by them was 1 x 1(U 7 gramme 
for masses not exceeding one decigramme. 

Tho saiyo type of quartz micro-balance was 
used with success by Gray 1 and Ramsay in 
their determination of the density of radium 
emanation, a sensitiveness of 2 x 10'° gramme 
bei Jg obtained. 

Mention should also be made of the micro- 
balance usgd by Aston 2 for the determination 
i^f d%nsities of gases of which only small 
quantities are obtainable. Further reference 
to this balance will be made in discussing the 
methods of determining density (§ (18)). 

Additional modifications have been made in 
the design qf quartz micro : balances in tho 
direction ;>f#omitting the fulcrum knife-edge 
and suspending the beam from quartz fibres. 
T. S. Taylor 3 in his deteimination of the 
density of helium used a quartz balance 



Fig. 12.—-Diagram of Quartz Balance used by Taylor. 


similar to that illustrated in perspective in 
Fig. 18. 

The balance,• which was designed only for 
the determination of densities, consists essen¬ 
tially of the rhomboidal baam, to which is 

1 Roy. Soc. Proc., 1910, lxxxlv. 536. 

* Ibid., 1913, Ixxxix. 442. • 

» Phys. Her., 1917, x. # 053. 







; fqsed the bulb E and the counterpoise F, 
and also the rods It, S, perpendicular to the 
, plane of the rhomboid, which in «thoir turn 
are fused to tho horizontal quartz libros P, Q, 
on which tho beam is mounted as shown. 

, The stops H, K, prevent the balance from 
. producing too great a torsion on the supporting 
fibres. 

Pettersson 1 on the other hand has suspended 
the beam of his micro-balance by means of 
two vertical threads. Using a quartz beam 
~of length 10 cm., he has obtained » sensitive¬ 
ness of. 1 x 10“ • gramme. 

Working with a still smaller beam of length 
5 cm., Pettersson succeeded in obtaining a 
sensitiveness of 1 x 10~ l ° gramme with a 
maximum load of 100 to 200 mgrm. 

The field of use of tho quartz micro-balance 
is doubtless limited, and, apart from the work 
of a few investigators in the determination of 
densities, little has been done in adapting the 
instrument to the solution of problems demand¬ 
ing cxtroine delicacy in the operations of 
weighing. 

IT. Weights 

(An introductory account of the f undamental 
standards of mass will be found in the article 
“ Metrology,”) » * 

§ (7) Distinction between Mass and 
Weight. —Standards of mass are most ^ 
frequently called “ weights,” and in this 
sense this term will bo used here. Is A’der 
to determine mass, the method of weighing 
is resorted to. The mass of an^ object is 
unvaried 2 whether it is weighed in Cir <*r 
in vacuo. Its weight in vacuo is the property 
actually determined, and is the measure of its 
mass. 0 . 

The weight of an object is the force with 
which gravity -acts upon it. •Confusion is # 
often caused by the uso of the tertn*“ weight ” 
to denote “ mass,” and vice versa. The use 
of such ambigudus or redundant expressions 
as “ apparent mass ” or “ mass in vacuo ” 
should be avoided. Unless tho mass of an,, 
object can be determined in true units of mass, 
it is preferable to express it in a dofinite, 
unambiguous manner, as, for example, “weight 
in air (of stated density) when compared with 
brass weights (of stated density).” 

§ (8) Material for making Weights.— 
Tho general desiderata in the choice of 
material for standards of mass, more particu¬ 
larly fundamental standards, have been out¬ 
lined in the article “ Metrology.” 3 Platinum 
has been chosen in the case of the ^BHtish 
Imperial Standard Pound Avoirdupois, while 

1 Phys. Soc. Proc., 1920, xxxik 209. 

* Except in so far that the object may absorb a 
Small mass of air or moisture from the atmosphere, 
which is not retained by it in vacuo. 

- ' See “ Metrology,*' Part III. § (0), etc. 


tlfo International Prototype Kilogramme is 
platinum-iridium alloy (10 per cent iridium)* -'" 1 
It is roalised that the greatest care has to bev* 
taken to avoid changes of mass duo to werir 
resulting ovon from occasional use, but in '■ 
(fJicr inspects platinum, or its iridium alloy/// 
has been found very satisfactory as regards v 
permanence and invariability. 

A striking example of this may be soon in --, 
tho results of tho ro-comparisons of a number/ 
of national copi<fk of the International Proto¬ 
type Kilogramme, made at the Bureau * ; 
International dot Poids et Mosures, Sevres, * 
r*ear*Paris, during tho years 1899-1017. In 
half the cases examined, tho mass of a national' 
standard was found to agree with its initial 
valuo at the time of its formal issue, in 1889, 
to within +0-000010 gramme, i.e. to within 
1 part in 10®. Those results bear sound *, 
evidence not only of the degree of invariability 
of the national copies, but also incidentally of 
the precision of measurement attainable in the 
use of tho equi-arm knife-edge balance? 

Referring to weights of less fundamental / 
but more frequent use, the circumstances 
governing the choice of material depend on a' 
number of conditions. On*the whole, it may 
be •said that there is not a very wide range 
of choice of material of proved reliability. 
Platinum, on account of its comparative rare¬ 
ness and heavy cost, is almost out of the 
quostion except in the case of small weights, 
e.g. fractions of 1 gramme. It is, however, 
used to considerable advantage in plating 
weights which arc made of corrodible material, 
but the disadvantages of coating or plating ' 
weighfs will bo referred to later. ! 

As a substitute for platinum, no metal or 
materi#! of high density has yet been found 
which is trainable readily and reasonably. 
cheaply, and at the ^am<f timo suitable as a 
standard of mass. Oif the other hand, though 
there ate materials of low density possessing 
properties which arc generally suitable for 
standards of mass, thoir use limited to small '/ 
weights qfi account of the comparatively largo 
buoyant force of the atmosphere on tljgm,; , 
resulting from their relatively large volum<$B. / 
Consequently, tho materials in general working/. 
use as weights are of moderate density, tin j' 
England, with the exception of very small ;, 
yoights, i.e. less than I gramme, it is customary- 
to make scientific weights of brass, 
material is not ideal as a standard of mass. L 
It tarnishes easily in an ordinary atmosphefai 
(much more so in a chemical laboratory), apd*f /i 
being comparatively soft, loses mass owing/*,- 
to wear resulting from use. These two dis^ 
advantages, however, operate in opposite 1 ;^ 
directions. It may be argued that»fh thflBjfclf, 
circumstances it would be preferable to co*jp£.; 

4 Travauz et Mtmoires da Bureau Inti., tomes *11./-+ 
xv., xvk 




IfeUAriUda •$ 


•the brass with some protective coating of 
plating which would render the weight more 
reliable. Much dopond.s on the exact use to 
.’whioh the weights are to be put, but one 
English balance maker of high reputo prefers 
■ bp use uncoated polished brass for his scion ** 
: tific weights. , 

Some idea of the amount of variation in 
if mass of uncoated polished brass weights may 
be obtained from the following values, detor- 
yjnined for a number of sots brass weights 
;by the above-mentioned maker which have 
^freen in regular uso at the National Physical 
•laboratory: 


10 kilogrammes 
1 kilogramme . 

100 grammes 
DO grammes downwards 
to 1 gramme 


Aver I; 


Riii»> of Variation 
... |-i tli.-1 -t 

r*... r Tlir.v N. 
measured from the time when 
the weights were new. 


± 20 milligrammes 


1 milligramme 
(or less) 


' fVo/fi.—It la impossible to give more titan upproxi- 
' mate figures. The above values relate to brass weights 
i, which have been in regular but careful use nearly 
' every week for'a number of years, in an atmosphere 
free from contamination by chemical fumes. 


Of other materials, of moderate density, 
which have been used in preference to brass 
to serve as laboratory standards of reference, 
mention may ho made of “ white bronze, 

, an alloy of copper (SO per cent) and nickel. 
TbiB alloy admits of a very fine polish, and does 
. not tarnish appreciably, it is not, however, 
.overy resistant to wear, but lies between brass 
and platinum in tltjs nwpoct. * l (,l > g rm - . 
standard of mass in wliito bronze, which has 
been in regular uso at the National Physical 
Laboratory for a period of ten years, has lost 
| mgrm. due to wear resulting from frequent 
; ( And regular usage, in spite of earful lift¬ 
ing with soft-covered forceps. W bite bronze, 
howler, Bhows a distfhet tendency to absorb 
hioistnre.* 

* Another alloy called “ baros ” has Wen ex- 
! werimented 1 with at the.Bureau International. 

)■' i-Jt is chiefly of nickel, with spall proportions I 
iof cljromium and manganese, and is hard, 1 
'.-.-non-roagnetic, and freo from blow-holes. An 
V'bxperimental specimen of this alloy was found 
unaffected by prolonged imdfersion in water 
ti' dr.. by moderate boating in vacuo. While 
: f‘ useful as a working or reference standard, its 
vSjtow Is not sufficiently invariable as a funda- 
; . ' tnental standard, owing to small decreases 
-■'jfjjjch' are attributable to a loss of gas occluded 
; -in tWi alloy at tho time of easting, 

- .vy T’rui'auz d Memoircx Burcuu lnU., 1917, tome xvl. 


§ (0) Coated Weights. —Protective coat¬ 
ings which have boon used for covering weights 
may he divided iiflo two classes, viz. lacquer¬ 
ing and metal-plating. I’lalinum, gold, and 
nickel have been used for metal-plating, but 
the first-named is to be preferred. In the 
ease of gold-plated weights, the soft plating 
ordinarily used as a surface protection is 
liable to wear, and if the weights arc in 
frequent use the changes in their values may 
be considerable. 

A platinised brass weight is, however, 
preferable to an uncuated polished hraBs one. 
The platinum plating is deposited electro- 
chemioally to a thickness of about 01H12 mm. 
(tMHXIl inch) in this country, it is usual 
to plate in two or three stages and to polish 
the weight between the stages. As regards 
permanence and invariability, platinised brass 
weights may he taken as approximately similar 
in behaviour to the white-bronze weights 
already referred to. In other words, a 
platinised weight, though suitable as a work* 
mg or reference standard, is not sufficiently 
invariable as a fundamental staudaid of 
mass. . 

Lacquer, if used as a protective coating for 
a weight, should bo hard, of moderate thickness, 
smooth, and not likely to chip. It is well 
known that lacquers absorb moisture from the 
air to a variable extent, say from 1 to 5 per 
'Pent of tho weight of the lacquer, depend- 
in" "*i the atmospheric humidity. On an 
estimate, 2 a 100 grin, lacquered weight nmy 
be subject to variations of the order 0-0001 
gramme. Ibis value is, of course, only ap¬ 
proximate, since much depends on the nature 
and the method of application of the lacquer. 
Nitre-cellulose lacquers have boon found to 
absorb about three timds ns much moisture as 
those containin" shellac. Tho use of a lacquered 
weight wuuld.probably preclude an accuracy 
exceeding (J-0001 gramme on 100 grammes, 
whereas an uncoated polishejl brass weight 
would in general maintain a lather bcttoi 
consistency of mass than this for a period ol 
dbveral months, under .good conditions o: 
use. 

Since a large weight has a relatively smailei 
surface area than a sinali weight of the sami 
material, it follows that the changes in mas 
due to variations of surface conditions aro o 
less impoi fancc in the ease of largo weights 
Commercial weights are generally covered witl 
a protective coating, either lacquer or suitabl 
paint, but the reference standards agains 
which .they are ultimately tested may he c 
brass, platinised, gilded, or even unplatod. 

Spots that ate seen on plated weight 
are very often duq to the presenco of sma 
pores in the metal immediately under t.h 
plating, and can best bo avoided by using 
1 bee also Chem. Weckbkut, 1920, xt'il. 153. 
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metal that is free from pores. Tobin 1 bronze 
is recommended ~ by the Bureau of Standards, 
Washington, as satisfactory in this respect. 
Besides the usual electro-plating procoss, 
there are newer methods of plating, e.g. by 
cathode discharge in vacuum and by metal¬ 
spraying, but these have not yet reached a 
stage of development when they can be 
definitely recommended. 

Amongst the non-metals which may bo 
considered as providing suitable material for 
weights for certain purposes, mention should 
be made of the rock-crystal (quartz)'* weights 
made by J. Nemotz (Vienna) and Laurent 
(Paris), of which a few sets are in use tin this 
country. These weights are very constant, 
but owing to their low density 3 the corrections 
for the buoyant force of the air are very large 
when the weights are compared with brass 
or platinum standards. There may, howevor, 
bo occasions in the weighing of glass apparatus 
where the use of quartz weights is an advantage 
in tending to equalise the buoyant forces on 
the two arms of the balance. 

A number of glass-cased weights have also 
been made in Austria, though not in this 
country. These weights consist of glass shells 
filled with shot, and then sealed.* The surface 
of the shell is easily cleaned, am) wears lesf 
than that of an average metal weight under 
ordinary use. They possess the additional 
advantage in regard to reliability that a slight 
accidont to a metal weight might aftV’t its 
mass without leaving cause for suspicion, 
whereas the glass-cased weights would not in 
general suffer injury unless the injury ^vere so 
great as to loave no doubt about it. 

§ (10) Small Weights. — Small weights 
from 1 gramme downward are usually of flat 
sheet-metal, with a corner or a side turned 
upward so as to facilitate liftiyg with forceps. 
They should be of a material sufficiently 
resistant to oxidation or corrosion not to 
need plating or coating. Platinum is best 
suited for weights from 1 grm. to 5 mgrm. 
Weights of this material smaller than 5 mgrm. 
are so small that a‘less dense metal, such as 
aluminium, is to be preferred. An alloy 
of “palladium and gold has been found to bo 
a good substitute for platinum for fractional 
weights, and has been used in a largo number 
of sots of high-grade 'analytical weights. 
Gorman silver is used occasionally* but not in 
the higher-grade sets of weights. Aluminium 
may also be omployed in making fractions of 
1 gramme, and is to bo recommended for sizes 
from 50 milligrammes downward. 

1 Of approximate composition'? ($1 per cent copper, 

1 per cent tin, 38 per cent zinc, with a small residuum 
of other materials. *■ 

* Circular No. *3 (1018 edition) of the Bureau of 
Standards. 

* The density of quartz crystal at 20° C. is 2-65 
giro, per c.c. 


c § (11) Shape and Design of Weights.—* 
Since it is important, in designing a weight, to 
minimise all possible variations in mass due 
to changes in surface conditions of tho weight'' 
(such as those duo to tarnishing, wear, or 
tpossimy porous or hygroscopic nature of the 
material), the shape of a weight is usually 
chosen so as to give a minimum surface con¬ 
sistent with convenience in lifting or moving 
the ^weight. Clearly tho simpler the shape, 
the better. IVo fundamental standards of 
mass are cither cylindrical, or show but little 
modification of the simple cylindrical form,. 
<»nd the height of tho cylinder is approximately 
equal to its diameter. 4 

For convenience in lifting them, other 
scientific weights except fractions of a gramme 
are usually made with knobs, which may bo 
integral with their respective weights or 
detachable. 

It is advisable, wherever constancy of mass 
is of tho highest importance, to make tho 
weight in one piece with no detachable parts, 
in spite of tho increased labour entailed in 
adjusting the weight to its nominal size. 

Chemical and analytical weights, as made in 
this country, usually havti knobs, which can 
be screwed into the top of each weight, closing 
'a cavity which is used for the purpose of t , 
adjusting tho weight to its nominal size. 

The knob should bo of suitable shape and 
size to facilitate lifting the weight with forceps 
or other weight-lifters, and should bo relatively 
taller in the case of small weights. 

Small weights such as fractions of a gramme 
arc usually made of sheet metal, e.g. platinum, 
gold' aluminium, or German silver, except in 
tho case of rider weights, which are made 
from u tho same materials in the form of 
wire. 

« The shapes just deferred to are suitable for 
use with an cqui-arm precision balance. Tho 
designf of weights for use with other weigh¬ 
ing machines, particularly commercial instru¬ 
ments, involves other considerations beyond 
those already discussed. Commercial weights 
are often provided vpth a single adjqgting 
hole closed by a plug which can he sealed 
by the inspector in charge of tho testing 
of the weight. .Specifications for ijhese 
weights may bo obtained from tho various 
national testing<institutions where the weights 
are examined. 4 ‘ 

§(12) Adjustment of Weights. — The 
‘means of adjustment of weights have already 
been referred to under § (11). Either a cavity 
is provided which allows of the addition Or 
subtraction of small fragments in order to 
mak<* the final mass equal (within limits) to 
its nominal value, or else tho weight is in one 

4 For a right cylinder of given volume, the surface 
area is minimum when the height of the cylinder 18 
equal to its diameter. 
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piece, and is ground, polished, and lapped iff 
stages un(il the correct mass is obtained. 

With the exception of some commercial 
weights, it is usual in this country to adjust 
each weight to have a truo mass equal to the 
nominal value associated with it. Fo~exilmplep 
a brass kilogramme weight is adjusted to have 
a mass of 1 kilogramme, (i.e. equal to that of 
the International Standard Kilogramme). If, 
however, the brass kilogramme and the Inter¬ 
national Standard Kilogramme were compared 
on a balance, they would not weigh the same 
unless tho weighing were conducted with # the 
balance in vacuo. Owing to the greater upwards 
buoyant force of the air on the brass weight, 
the platinum kilogramme mass weighs heavier, 
by about 90 mgrm., in air under averago 
conditions of temperaturo and pressure in the 
laboratory. In other words, fractional weights 
to tho value of about 90 mgrm. are required 
on tho pan of the balanco containing the brass 
weight in order to give equilibrium. 

In adjusting a weight tho maker requires 
some standard -his working standard—with 
which to compare the new weight on the 
balance. For tho convenience, in tho work¬ 
shop, of avoiding the use of the buoyancy 
correction, the working standard is of brafs, 
which has presumably been standardised at af 
national testing laboratory, and its true mass 
certified. Provided that the mass of the 
working standard has been adjusted to agree 
with its nominal value to within satisfactorily 
small limits, tho maker’s task is to make new 
brass weights as nearly as possible replicas of 
his working standard as far as adjustment of 
mass is concerned. It is at the national testing 
laboratory that the difference between the 
weights in air of the brass*and platinum kilo¬ 
grammes has to be corrected for, the true 
mass determined for The flrass weight. • 

The exact nominal mass to which a weight 
is adjusted is a matter of convention, dejifnding 
on general usage and convenience, in making 
a new platinum kilogramme weight which for 
certain purposes may perchance be fnquircd 
raorj^frequently for weighing against a brass 
kilogramme than against one of platinum, it 
may bo convenient to adjust the mass # of the 
platmum weight to be accurately 999-91 
grm. (i.e. 1 kilogramme, loss 90 mgrm.) in 
order that it should weigh tho same in air a* 
tho toass kilogramme, which has a nominal 
mass of 1000 grm. 

Again, in the case of a .^t of analyticaf 
weights in which tho fractions of a gramme 
are invariably of a different material from 
that of the larger weights, it is tho practice 
to adjust each weight (whether of brass, 
platinumf'br aluminium, etc.) to have a true 
mass equal to tho nominal value associated 
with it. Consequently, in a set accurately 
adjusted in this way, tho 1 gramme brass 


weight, though having tho samo mass as that 
of the combination of the platinum fractional 
weights whtjso nominal values total 1 gramme, 
will weigh lightor in air than tho composite 
set. 

In both tho testing and tho adjustment of 
trade weights, tho buoyant force of tjjo air is 
neglected. This class of weights is adjusted 
so that tho Weight in air is equal to that of 
the brass standard in air, tho standard being 
of true mass (in vacuo). 

Brass weights of the samo nominal value do 
not have exactly the same volume owing to 
slight differences in tho metal and also (in the 
case of weights with cavities) in the size of 
tho cavity. Consequently they have not 
oxactly the same buoyancy, but this difference 
is negligible for commercial purposes, though 
in accurate work it must be duly allowed for. 

§ (13) Tiik Testing of Weights in a 
National Standardisation Laboratory.— 
In testing a graduated set of weights such as 
the average set of analytical weights, it is not 
always necessary to test each weight by direct 
comparison with a working standard of tho 
same denomination. In general, the various 
denominations of the set are arranged so that 
all the weiglfts can be standardised in terms 
$>f the head-weight of the set. This is a great 
convenience, since there is then no need for 
more than one working standard, i.e. that 
Ttoyesponding to the denomination of the 
large# test-weight. The consequent saving 
of labour involved in the periodic calibration 
of working standards is considerable, for 
in # rou^no testing, when a standard of mass 
is regularly in use on several occasions each 
week, it is of the highest importance to avoid 
errors duo to wear and ysage. 

In commercial weight-testing, the procedure 
m simplified b^tho omission of the buoyancy 
correction. # ’She testing of a weight then 
becomes a simple comparison between the 
weight tested and tho working standard on a 
balance or other weighing-machine. 

In work of high precision tho method of 
noublo weighing is used face § (4) (ii.)). The 
weights to be compared (for example, a known 
standard and the weight under test) *are 
weighed in air from each pan of the balance 
in turn, in order to diminish errors due to tho 
inequality of the arms of tho balance beam 
and unsteady or uneven distribution of tem¬ 
perature within the balance case. For each 
weighing, the deflection of tho beam is measured 
on a scale previously calibrated by means of 
known weights. 

It is usual, in ^standardising analytical and 
other scientific weights at the National 
Physical Laboratoay, to make an allowance 
for the upward buoyant force of the atmosphere 
on each weight. This is often essential in 
comparing weights of the same material, since 
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all weights aro not solid throughout. When 
the weights under comparison are of different 
jnatorial, e.g. brass and platinum, the applica¬ 
tion of the buoyancy correction calls for the 
highest accuracy in the measurement of the 
density of the air-within the balanco cose. 

Briefly, tho process of scientific weight¬ 
testing reduces to an accurate measurement 
of tho difference between two nearly equal 
masses. One mass is then determined in 
terms of a working standard. Tho latter in 
its turn has already been measured in terms 
of somo fundamental standard, which primarily 
involves comparison with tho legalised Imperial 
or International Standards of Maas. 

f. a, o. 

Ifl. Density 

§ (14) Definitions.—T he density of a sub- 
stance ifl its mass per unit volume. 

The volume of any given mass of a substance 
varies with its temperature and with the 
pressure to which it is subjected. In the 
:aso of solids this variation is so small that, 
or many purposes, it need not be taken into 
account, so faF as densities are concerned. 

In the case of liquids, the change in volume 
vith temperature is comparatively large, but 
he compressibility of liquids is in general so 
mall that it suffices simply to specify the 
temperature of the liquid to which any given 
density relatos. 

• With gases,, however, the volume of" a 
constant mass of gas varies greatly with both 
its temperature and tho pressure to which it is 
subjected. Consequently both teinperature and 
pressuro must be specified in order to secure 
precision in expressing the density of a gas. 

The specific gravity of a substance is the 
ratio of its density to a chosen standard 
density. 

It would 
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appoar, tl.orofon-, from this [ sllbs ta n c B , a % d t„ tlmt of tho water to which 

it is r#Cnrr#vl Thiio 


definition that tho use of the term specific 
gravity is somewhat superfluous. For if unity 
(e.g. 1 grm. per c.c., or 1 lb. per cu. ft., etc.) 
were to bo taken as the chosen standard 
density the need for the term specific gravity 
would disappear, and the simply defined term 
density would meet all requirements. 

There must, therefore, be some reason to 
account for the widespread use of a term 
which, viewed from a purefy logical standpoint, 
appears to bo unnecessary. 1 

This is doubtless to be found in the fact that 
the ratio of the densities of two substances 
can be determined with much greater ease 
than their absolute densities. The absolute 
determination of density from direct ftieasuro- 
ments of mass and volume is indeed so difficult 
that it has only been carried out to a high 
degree of accuracy in the case of a single 
substance, viz., water. The classical deter¬ 
mination of tho volume of a kilogramme of 


water carried out at SAvrcp 1 was, of course** 
equivalent to an absolute determination of?- 
tho density of water in grammes per cubic/ 
centimetre. Again, for many purposes the ratio', 
of tho densities of substances to the density of 
oomo standard substanoe is as useful as the" 
absolute densities of the substances. 

Water is eminently suited to servo as a 
standard substance for the above purpose"* 1 
since it is readily obtained in a stato of purity/ 
and its density‘at various temperatures has 
been accurately determined; also the ratio-, 
of tjio density of a substance to that of water : 
is capable of direct experimental determination 
to a high degree of accuracy. Consequently* 
wator is practically always adopted as the basis 
to which specific gravities are referred, and the 
term may therefore bo dofinod alternatively 
as follows : 

The spocitio gravity of a substance at the 
| temperature t, relativo to water at the tom- : 
perature t w is the ratio of tho density of the 
substance at the temperature t 9 to tl»o density., 
of the water at the temperature t w . 

It is important to specify both the tempera¬ 
ture of the substance and that of tho water, 
lor example, tho comihonly used phrase 
^ specific gravity at 60° F.” has really no 
precise meaning. One assumes that specific 
gravity at 60° 1<\ relative to water at G0° F. is 
meant, but this assumption may not in somo 
cases be correct, e.g. specific gravity at. 00° F. 
relative to water at its temperature of maxi- - 
mum density may bo meant. 

A convenient abbreviation for expressing / 
without ambiguity the precise meaning to bo 
attached to a specific gravity is the expres-- <• 
sion “specific gravity H f]t ” or more briefly 

'v*i re t„ is the temperature of the 


‘S, 


it is refforred. Thus 

Density of the substance at 60° F. 
Density of water at (>0° F." 


a 


’00 ’ F. 


00° F. 

Tho symbol 8 


has come into extensive^use, 


w • j. 

and its general adoption when dealing ^ith 
specific gravities would lessen the chances of* - 
.ambiguity. 

It follows from the definition of tho 
that specific gravities represented by 

* , 
arc identical with densities at t, in grammes'^ 
per millilitre. 8 “C-iijfe 

■;.? % M 

1 Sec article “Volume, Measurement of,” § ( 2 ). ' 

• See ihirf., § (I). * 

* Sfieeifio gravities S are not ider^lcaL wft&v\:' 

densities at U expressed In grammes per cubic dehtf'/V 
metre, as is so netimes stated. The cubic centimeta'd/ i 
and the njJililltre are not identical, the aocepted^’. 
relation between tho two being 1 ml.»1-000027 
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ft ..follows from .'the definition at specific 
?£.‘® rftvlt y tllat the 'Sensitv of a substance at the 
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fwmperatiu'p t, may be obtained by multiplying 
I .its specific gravity S* by tile density of 

f Water at the temjxirature , 

; : V'. ■ ^he specific volume of a substance is the 
yvcilurao occupied by unit mass of the’sub- 
.■ stance. 

v/ t ;§(.15) Determination op the Density of 
i .Liquids, (i.) By Means off. PyknomSter.— 
y Tho determination of the weight of a liquid, 
y and also of tho weight of water required to 
.. fill a pyknometer, affords a ready meafls of 
. ' determining tho density of tho liquid, since 
fctie density of water is known to a high degree 
of accuracy. 1 

The following is an outline of the calculations 
involved m determining the density of a liquid 
from observations taken with a pyknometer. 

The calculation of tho specific gravity of the 
. liquid merely involves dividing the deter¬ 
mined tensity by tho appropriate density of ! 11 
water. J 


The equations representing (lie equilibrium ol> 
tamed in each of the three weighings are 
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Let W,,— observed weight 2 in grin. 0 f pyknometer 
' in air of density <r, grm./ml. 

W w "“observed •’’W* in 8™- of pyknometer 

tilled with water of temperature f w "iq 
air of density <r 2 
grm./ml. 

W L = observed weight in 
grm. of pykno¬ 
meter filled with 
liquid of tempera¬ 
ture / I( in air of 
density <r 3 grm./ml. 

A --density of weights in 
grm./ml. . 

f J --density of glass in grin./ml. ® 

d w -density of u#iter i#, ( w in grm./ml. 
d L — density of liquid /ft /, in grm./ml. 
a—coefficient of cubical expafikion of^lass in 
rnl. per ml. per ° (!. 

Mp = mass rn vycuo of pyknometer. 

M w — mass in vacuo of water required to fill 
m pyknometer^it temjXTature / w 
M 


The mass ?>f liquid required to fill the pyknometer 
at the temperature l L is therefore given by 

- 5 ) 

The volume of the liquid required to till the 
pyknometer at the temjXTature t L is 

"f+«('l,-'w)] 

^{W„.fl^-(ej/i)]_Mi.fi (<r 2 /t;)|j [I i tt (i L 

. t/ w - 

Hence the dcnjjty d L of the liquid at the temperature 
(j is given by 


jwjl - (<r,/A)] - Mpf 1 (a 3 l(l)]}(d,J{d h - „,} )(rf w .. fff) 
{W w |.l-(<r,?A)p Mptl-t^/GijjO q V i 

.V 

fw wt f 




(4) 


p l~ 
Writing 


i - (<r 3 /o) 
1 - (y',/<i) 


and 


- (cr a /f ;> 
(^t/'l) 


lajtb equal to unity (by weighing the empty pykno- 
inehT immediately before weighing it full of wat< . r 
and also before weighing it full of liquid, this equality 
«...kl be eloscly achieved experimentally), equation 
(7) reduces to c v 


required to fill pykno¬ 
meter at temperature t h . 


dt - 


bV W Olappuls, Trnr. <1 Mini., 1907, xiii. A copy 
Sf,Cn“PP'‘is' table of results is given at the end of 
Wn 8 article. 

■ , * Weights are adjusted to ha^ a mass equal to 
. Wifi nominal value marked on Them. Heneo the 
-.. observed welglit ” referred to above is identical with 
wfe.www »» rrnio of the weights required to produce 
,equilibrium of the balance, i.e. assuming tlie weights 
P® accurately adjusted. It may also lx- noted 
yyjw?, strictly speaking, the commonly used* term 
• l&S 89 tn*vacuo ” is somewhat redundant. The 
any object is unvaried, whether it is weighed 
ftXfttr or wvacuo. The term “ mass/’therefore, <ioes 
Hot,really require the qualifying words " in vacuo.” 

■ . . 


'^J 1 ~ '(’’’nM)] - w pH - (gq/A)]} (i w - cr t ) 

{W w i 1 — (o-g/A))- Uyi - (<r t /A))}[l +0(< 1 -l w )) 1 

% 

a close approximation to wliich is 

,1, r w ' v -'"jr «w->, 1 
L \v w - WpJL[i - a(l L - «, v )] J 


(S) 


( 0 ) 


If tho Water content and liquid content are deter- 
mined at- the same temperature. 


. _ w t.- V 
'■ W..,-vv. ( *v 


^ 2 ) 


(7) 
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If an average value a is substituted for <r 2 and 
(r 3 we obtain 

-w, ■ ,T V W w -uj* • ( 


and finally, neglecting buoyancy corrections alto¬ 
gether, we obtain the simple approximate relation 


W L“ W P 


In deciding which of the various equations 
given above for calculating di should be used 
in any particular case, the degree of accuracy 
required in the results should bo considered in 
conjunction with the approximations made. 
Results should not be expressed to a greater 
number of decimal places than is warranted by 
the approximations made. 1 

An important limitation on the accuracy 
of density determinations should be noted. 
Temperatures measured hv means of mercury 
in glass thermometers, even when the greatest 
precautions are taken, may differ from the 
International Hydrogen Scale by 001° C. 
The density of a liquid at any stated tempora- 
turc is therefore liable to an error correspond¬ 
ing to the change in the density of the liquid 
for 001° C. change in temjwrature. For 
oxample, in the case of water at 20° C. this 
uncertainty amounts to 2 units in tho sixth 
decimal place, and for absolute alcohol at the 
same temperature to about 1 unit in the fifth 
decimal place. 

It is clear that careful observations of 


temperature arc of fundamental importance 
in accurate density determinations. The use 
of a constant temperature bath 2 to«tonsure 
uniformity of temperature when filling a 
pyknometer is advisable wherever accurate 
results are desired. 

A large variety of pyknometers have been 
used by different observers* The simple 
specific gravity bottle with drived stopper is 
extensively used. A number of modifications 
exist, amongst'wKicli may be mentioned one 
provided with a glass cap ground to fit over 
the outside of the neck and enclosing the 
drilled stopper. ‘ 

Tho Sprcngel 3 pyknometer is another well- 
known form, of which there are many modifi¬ 
cations. A notable improvement over the 
original type is the introduction of a small 
bulb above the graduation mark on the 
capillary tube. This allows weighings to be 
made at temperatures higher than the one at 
which the pyknometer is filled, the small bulb 
providing accommodation for tho expansion 
of the liquid in the pyknometer. 

1 For a discussion of various “ correction formulae ” 
for the simplification of calculations see Wade and 
Merriman, ('hem. Sue. Tram. .,1902, xcv. 2174, and 
Hartley ami Barrett, dnd., 1011, xeix. 1072. 

* For an account of various forms of thermostatic 
control see article “Thermostats/' Vol. I. 

* Chem. Sue, Trans., 1873, xxvi. 577, 


(A form of pyknometer used by W. R. 
Bousfield 4 is shown in Ffg. 13. The two 
tubes A and B are connected 
together by the cross tube (\ 
and 1) is a glass rod which 
‘•'‘rvesv as a suspension for 
the instrument. The capacity 
of tile pyknomotor is defined 
by two graduation marks, one 
on each of tho capillary tubes 
which' form the! necks of the 
tubes A and B. 

References to various other 
fprmft of pyknometer are given 
in tho footnote, 6 and a dis¬ 
cussion of the bost methods 
of using pyknometers is given 
by Walter Block, Z. angew. 

Chem., 1920, xxxiii. 198. 

(ii.) By Means of Sinker Weighings .—If a 
glass plummet or sinker, a suitable form of 
which is shown in Fig. 14, is weighed sus¬ 
pended (1) in air, (2) in distillod %u 
water, (3) in a liquid, tho density of 
the liquid may bo readily determined. 

The Calculation follows exactly the 
samo lines as that given above in 
tin case of tho pyknometer, and so 
need not bo repeated. 

The method is particularly well 
adapted for determining tho change 
in density of a liquid with change 
in temperature. The liquid under Fia s 14. 
investigation is contained in a vessel 
which is surrounded by a bath whose tempera¬ 
ture can be varied at will, and also controlled 
so as'to remain sensibly constant during any 
particular observation of the weight of the 
sinker The sinkoris suspended from one arm 
of a balance, tho latter being mounted directly 
over the constant temper *,turc bath. 

Full details of tin- apparatus used at the 
Bureap of (Standards for determining tho 
density of ethyl alcohol and water mixtures 
at various temperatures by tho abovo method 
are giv'ui in the Bulletin of the Bureau of 
Standards, 1913, ix. 371. Tho sinker method^ 
was also used by Plato 6 for sugar ‘sulu-* 
tions, and by Domke 7 for sulphuric acid 
solutions. 




4 Chem. Soc. Trans., 190?-’, xclil. 679. 

-» 6 Perkin, Chem. Soc. Trans., 1884, xlv. 443 ; 
ibid., 1896, lxix. 1043 ; Ltin«e and Rcy, Z. angew. 
Chem., 1891, p. 165 : 8. Bosnjakovi, Z. a ml. Chem., 
1904, xliii. 230; K. Fischer, Chem. Zeit.. 1904, 
‘xxvlii. 359, and Sitzungsber. K. A‘tad. Wise. Berlin, 
1908, p. 542; 11.V. Stanford, Ph i. Mag., 1905, x. 
269; M. Rakusln, Chem. Zeit., 1905, xxix. 1087; 
K. Sevnatfiotto, Ann. Chim. Applieata, 1914, 1. 198; 
H. Wustonfeld and Ch. Foehr, Chem. Zentr., 1914, 
i. 1537 ; P. B. Davis and L. 8. Pratt. J. Amer . 
Chemt Soc., 1915, xxxvii. 1199; F. Hall, J. Anwr. 
Chem. Sue., 1917, xxxix. 1319 ; M. Neidk»j J. Amer. 
Chem.. Soc., 1917, xxxix. 2387 ; N. S. Osborne, Bull . 
B. o/S., 1913, ix. 406. , „ 

8 Abhan/l. formal Eichungs Komm., 1900, vol. H. 

» Ibid., 1904, vol. v. 
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V. ^TheLWestphal balance is a well-known 
' apparatus for determining densities, which de¬ 
pends upon t{ie variation of the weight of a 
sinker when suspended in liquids of different 
/den&ties. * 

The same principle has been made uso of in 
constructing a recording densimeter. 1 Th<? 
/sinker is suspended by means of a fine wire, 
the tension on which is balanced partly by 
a spring and partly by the torsion of a ver¬ 
tical wire which carries a horizontal pointer. 
Changes in the tension of the wire caused by 
variations in the density of the liquid in which 
- the sinker is immersed cause corresponding 
changes in the position of the pointer. The 
movements of the pointer aro recorded on a 
revolving drum, and so a continuous record is. | 
’*■ obtained of the variation of tho density of the 
liquid. 

(iii.) By Means of a Hydrometer. —The hydro¬ 
meter is a particularly useful instrument for 
determining the density of a liquid quickly in 
eases where only moderately accurate results , 
are required. See articles “ Hydrometers,” j 
Alcoholometryj” and “ Saeoharonictry.” | 
(iv.) By Hare's A[ethod. —An elementary 
form of apparatus illustrating the principle # j 
of the method is shown j 
in Fig. 15. The stopcock 
C being closed, and the 
pressure in the upper part j 
of the U-tubo being less j 
than .atmospheric pressure, j 
then the lengths of the 
columns of liquid A and B 
will be inversely proportional 
to tho densities of the liquids 
contained in the left- and 
right - hand limbs of* the 
U-tubo respectively. 

& method depending 
essentially on frho a Jove 
principle has been developed 
ir^ O. E. Frivold, 2 which is 
sufficiently sensitive to be. 
used for determining the 
difference in density be¬ 
tween air - free distilled 
water and distilled vtater 
contacting air in solution. 

(v.) By Means of Total Immersion Floats.— 

A set of hollow glass beads of varying siz<? 
and mass, known as specific gravity beads, 
have long been used for approximate deter- 1 
urinations of specific gravity: The specific 
gravity of a liquid can be fixed between limits 
by noting which bead in the series is tho last 
to float and which is tho first to sink: If tho 
. liquid Juyipens to be of exactly the sflmo 
•density as' ono of the boads, then this bead 
will neither sink nor float, but frill remain 

* Cambridge & Paul Scientific Instrument Co.. 

* Phys. Zcit., 1920, xxxix. 529. 



suspended in equilibrium in the liquid. Very 
slight changes in the density of the liquid, 
however, will (Astroy the equilibrium, and the 
bead will sink or float as the case may be. 
The dolicato nature of the equilibrium is such 
that in recent years several methods for deter¬ 
mining accurately the density of liquids have 
been based upon tho equilibrium of a totally 
immersed float. • 

A. Berget 3 made use of a float totally im¬ 
mersed in the liquid whose density was re¬ 
quired, anc^att&ched to the upper end of spiral 
spring of invar, the lower end of the spring 
t>eing fixed. The float was such that if it had 
been frcc # it would have floated in the liquid 
whose density was measured. Consequently 
there was a tension on the spring, which 
varied with the density of the liquid in 
which tho apparatus was submerged. Tho 
elongation of the spring was measured by 
moans of a cathctometcr, the apparatus 
being calibrated in the first place by means 
of liquids whoso densities were independently 
determined. 

Lamb and Lee 4 used a float which was 
brought into a definite position by the 
attraction of an electromagnet on a piece 
of iron contained in the float. Densities 
wc#c thus determined to the eighth decimal 
place. 

^ngstrom 6 used a similar method, Iris ap¬ 
paratus being shown in Fig. 10. Angstrom 
and Petfcrson 0 used' 
a glass float to which 
was attached % long 
chain with 500 very 
small links of equal 
weight. When the 
float is introduced 
into a liquid whoso 
tlensity is within the 
range of the kuHru- 
jnent, the float sinks 
and the chain coils 
up on the bottom of 
th<* vessel containing 
the liquid until a 
point is reached at 
which tho float is in 
equilibrium with the Fin, ifl. 

surrounding liquid. # 

Observation%are taken in a graduated cylinder, 
the position of tho top of the float, which is 
pointed, being read on tho graduated scale 
etched on the cylinder. The density corre¬ 
sponding to the graduations is determined 
by a preliminary calibration with liquids 
of known density. A. L. Thuras 7 used 

3 Complex Itendus* 1912, ctiv. 1294. 

4 Jour. Amer. (’hem. Hoc., 1913, l>. 1600. 

8 Phys. Iter., 1915, v. 249. 

* Zeit. Inst., 1917, xxxvii. 177. • 

' Jour. Wash. Acad. (S'ctenct:s^l9l7, vll. 605. 
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a totally immersed float for the determina¬ 
tion of the density of sea-water on board 
ship. The float and sample of sea-water 
wore contained in a thin-walled glass tube 
suspended in a water-bath, the tern]>ora¬ 
ti ire of which could be quickly varioci, 
and v hen necessary maintained practically 
constant. The float was such that it floated in 
sea-water at ordinary temporatures. On rais¬ 
ing the temperature of the bath a point was 
ultimately reached at which the float sank. 
This temperature was noted. *Th<m the bath 
was slowly cooled and the temperature aj. 
which the float rose to the surface was noted. 
Then the temperature was raised more slowly 
than before, and again the temperaturo at 
which tho float sank was noted. The tem¬ 
perature was again lowered, and so on, succes¬ 
sive pairs of tcmjM'raturc readings being ob¬ 
tained, until the difference between a pair of 
readings was so small that the mean could 
safely be taken as the equilibrium temperature. 
The density of the liquid at this temperature 
is then known, being identical with that of 
tho float, which is carefully standardised onco 
and for all before uso. It was possible to 
locate tho equilibrium temperature within 


± 0 01° C., which corresponded in the Case <1^ 
the samples of sea-water being investig&t«ci- 
to a difference of density of less than" dr 1 ®', 
units in the sixth decimal place. > v : 

Valves for the Density of Various LiQuim^*' 
The following references relate to somo of the 
important liquids whose density has been JhycajwV 
gated in detail: -■ 

Ethyl Alcohol. —Osborne, McKelvy, and Pearce/ 
li'-n. Jiur. of yds., 1913, ix. 327. > -*• v/ : 

Methyl Alcohol. —Doroshevskii and Rozhdestvenskii, 
Jour. Hum. /%». Ckem. Sac., 1909, xli. 977. * .-<% 

Ammonia .— L’.ingo and Wiernick, Z. augew. Cheat... 
1889, ii. 181. 

Caustic Soda. —Rous field and Lowry, Phil. Titbit. 
A, 1905, eciv. 253. ; : 

Mercury. —Sec tables, p. 131. 

Era-miter. — Knudsen, Hydrographical Tables,' 
Copenhagen, 1901. , ' 

Sugar.- -Plato, Abhand. dcr K.N.E.K., 1904, v. 0. 

Sulphuric Acid. —Domke, Abhand. der K.N.E.Kil 
1900, ii. 110. 

Water. See tables, pp. 130, 131. 

Tables of density of a large number o_‘ liquids are 
to be found in “ Tables Annuelles Internationales do,. 
Constantes et Donnees Nmneriques,” “ Recueil do 
Constantoa Physiques,” Societc Erunfaisede Physique 
and Physikalisch-chcmische Tabcllcn, Landolt. and 
.Bornstein. 


cTable I 

Density of Water in Crm. fir Ml. 1 
The asterisks imply that the. fir !.' three, figures are those of the. line below 


°c. 

00. 

• 

0-1. 

0-2. 

0-3. 

0-4. 

0-5. 

0-6. 

0-7. 

u-». 

0-9. 

Moan 

Differences. 

0 

0-9998681 

8747 

8812 

8875 

8936 

8996 

9053 

9109 

9163 

9216 

1 59 

1 

9267 

9315 

9363 

9408 

9452 

’9494 

9534 

9573 

9610 

9645 

+ 41 

2 

9679 

9711 

9741 

9769 

9796 

9821 

9844 

9866 

9887 

9905 

i- 24 

3 

9922 

9937 

9951 

9902 

9973 

9981 

9988 

9994 

9998 

0000* 

1- 8 , 

4 

I -ooooovo 

9900* 

9996* 

9992* 

9986* 

90/9* 

, 9970* 

9960* 

9947* 

9934* 

- 8 

5 

0-9999919 

990(5 

9884 

9864 

9842 

9819 

9795 

9760 

0/42 

9713 

- 24 - 

6 

9682 

9650 

,9617 

9582 

9545 

9507 

9fJ8 

9427 

9385 

9341 

~ 39 . 

7 

9296 

9249 

9201 

9151 

9100 

</j48 

8994 

8938 

8881 

8823 

- 53 _ 

8 

, 8764 

8703 

8641 

8577 

8512 

8445 

8377 

8308 

8237 

8165 

67 

9 

8091 

8017 

7940 

7863 

7784 

7704 

7622 

7539 

74f>5> 

7309 

- 81 

10 

7^82 

7194 

7105 

7014 

6921 

6826 

6729 

6632 

t ,G533 

6432 

- W 

11 

6331 

6228 

6124 

6020 

5913 

5805 

5696 

5586 

5474 

5362 

- 108 

12 

5248 

5132 

5016 

4898 

4780 

4660 

4538 

4415 

4291 

4166 

12f 

13 

4040 

3912 

3784 

3654 

3523 

3381 

3257 

3122 

2986 

2850 

-133 

14 

2712 

2572 

2431 

2280 

2147 

2003 

1858 

1711 


1416 

-145 

15 

1266 

1114 

09f)2 

9378 

0809 

0655* 

0499 

0343 

*0185 

0026 

9865* 

- 160 •' 

16 

0-9989705 

9542 

9214 

9048 

8881 

8713 

8544 

8373 

8202 

-fta P 

17 

8029 

7856 

7681 

7505 

7328 

7150 

6971 

6791 

6610 

6427 

- 178 

18 

6244 

6058 

5873 

5686 

5498 

5309 

6119 

*4927 

4735 

4541 

- 190' 

19 

4347 

4152 

3955 

3757 

3558 

3358 

3158 

2955 

2752 

2549 

-200 ? 

20 

2343 

2137 

1930- 

1722 

1511 

1301 

1090 

0878 

0663 

0449 

~2u 

21 

0233 

0036 

9799* 

9580* 

9359* 

9J39* 

8917* 

8694* 

8470* 

8245* 

- 221 «i 

22 

0-9978019 

7792 

7564 

7335 

7104 

6873 

6641 

644)8 

6173 

5938 

.. 0 - 232 

23 

5702 

5460 

5227 

4988 

4747 

4506 

4264 

4021 

3777 

3531 

- 242 

24 

3286 

3039 

2790 

2541 

2291 

2040 

17f;8 

1535 

1280 

1026 

- 252 ! ‘ 


P. Chappuis, Trav. ct Mint., 1»07, tome xiti. 






Tarle 1* (continved) 



°c. 

00. 

0-1. 

0-2. 

0-3. 

0 1. 

0-0. 

<>■<* 

0-7. 

0-8. 

0-9. 

Mean 

Differences. 

r 25 

0770 

0513 

0255 

9997* 

9736* 

9176* 

9214* 

8951* 

8688* 

8423* 

201 

■ 20 

0-9968158 

7892 

7624 

7:fr>6 

7*87 

6817 

6545 

6273 

6000 

5726 

271 

• -27 

5451 

5176 

4898 

402< 1 * 

4342 

4062 

3782 

3500 

3218 

2935 

280 

28 

2652 

2366 

2080 

1793 

1505 

1217 

0928 

0637 

0346 

0053 

* - 289 

20 

0 0959761 

9466 

9171 

8876 

8579 

8282 

7983 

7684 

7383 

7083 

- 298 

- 30 

6780 

047V 

6174 

58(t> 

5564 

5258 

4950 

4642 

4334 

4024 

- 307 

r* si 

3714 

3401 

3089 

2776 

2462 

2147 

1832 

1515 

1198 

0880 

-315 

32 

0561 

0241 

9920* 

9599* 

9276* 

8954* 

8G5o* 

8304* 

7979* 

7653* 

- 324 

33 

0-9047325 

6997 

6668 

6333 

6007 

5676 

5345 

5011 

4678 

4343 

332 

.34 

4007 

3671 

3335 

2997 

?65U 

2318 

• 

1978 

1638 

1296 

0953 

- 340 

35 

0610 

0267 

9632* 

9576* 

9230* 

8883* 

8534* 

8186* 

7837* 

7486* 

347 

- 30 

0-9937136 

6784 

6432 

6078 

5725 

5369 

5014 

4658 

4301 

3943 

— 355 

37 

3585 

3226 

2866 

2505 

2144 

1782 

1419 

1055 

0691 

0326 

362 

38 

0-9929960 

9593 

9227 

8859 

8490 

8120 

7751 

7380 

7008 

6636 

370 

39 

6263 

5890 

5516 

0140 

4765 

4389 

4011 

3634 

3255 

2876 

- 377 

40 

2497 

2116 

1734 

1352 

0971 

0587 

0203 

9818* 

9433* 

9047* 

- 384 


0-9918661 
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Density of Water in Gum. per Mi.. 1 


°C. 

0 . 

• 1 . 


3. 

4. 

5. 

6. 

7. 

8. 

9. 

40 

0-992244 

1858 

1466 

1006 

0658 

0244 

9823* 

9395* 

8960* 

8518* 

50 

0-988070 

7615 

7154 

6686 

62*2 

5731 

5245 

4752 

4253 

3748 

60 

0-983237 

2720 

2197 

1668 

1134 

0594 

0047 

9496* 

8939* 

8370* 

70 

0-977808 

7234 

6655 

0071 

5481 

4886 

4285 

3679 

3068 

2452 

. 80 

0-971831 

1205 

0573 

9937* 


8649* 

7998* 

7341* 

6680* 

6014* 

90 

0-965343 

4668 

3987 

3302 

2612 

• 1918 

12121 

0514 

9806* 

9093* 

100 

0-958375 

7653 

6926 
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1 M Thlesen, Wins. Abhantl, der Phys. Tech. Iteich.f 1904, liand iv. p. 32. 
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Table II 

Density •? Mercury in Gum. per C.C. 


>0. 1 

0. i 


—-— 

2. 

3. 

• 4f 

- !>. 


7. 

8. 

9. 

. 

0 

13-5951 5 

927 

oof 

»78 

853 

828 * 

* 804 

779 ; 

754 

730 

10 

13-5705 

680 

656 

631 

607 

582 

558 

533 

508 

484 

20 

13 5459 m 

435 

410 

386 

361 

337 

312 

288 

• 263 

239 

30 

13-5214 

190 

105 

141 

116 

092 ! 

067 

043 

019 

994* 

40 

1.-M070 
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Density of Mercury in Grm. per C.C. 


°€. 

0 . 

,10. 

20. 

30. 

40. 

50. 

60. 

70. 

80. 

90. 

0 

TOO 

200 

300 

13-595 l ft 
13-3515 
13-1123 
12-8743 

13-5705 

13-3274 

13-0886 

13-5459 
13-3034 
13 0648 
* .. 

13-5214 

13-2794 

13-0410 

13-4970 
13-2554 
13 0173 

13-4726 

13-2&5 

12-9935 

13-44& 

13-2076 

12-9697 

13-4240 

13-1838 

12-9459 

13-3998 

13-1600 

12-9221 

13 3756 
13-1361 
12-8982 


Note. — Density of mercury at 0° C. =13-59545 firm, per ml. (Thiesen and Scheel, Tdtiokeitsber. der 
.Phys. Tech. Reich., February 1, 1897, and Zeit. Inst., 1898, xviii. 138). Density of mercury at 0° C. 
“• 13-5950 Krm. per ml. (Marek, Trav. et Mtm., 1883, tome H. p. DM). 

Mean of the above two values — 13-595S2 grin, per nil., i.e. 13-59511? grin, per c.c., which was the value 
•used afcthe basis of the above tables. 

The following expansion formula was used : 

V<-V 0 [l H-10-'{l*l-450f f0009205f* 4 0-009006608fM 0-000000007320f«}l 
( Phye. Soc. Proc., 1913-14, x.vvi. 90). 
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§(16) Determination of the Density of 
Solids. (A) By the Hydrostatic Method, i.e. 
by weighing in air and in water (or in other 
suitable liquids). 

(i.) For a Solid denser than Water and 
unacted on by Water. —(If water is unsuitable, 
some other liquid can often bo chosen.) If 
the solid* is lirst weighed in air, and then 
weighed 1 suspended, so as to be immersed in 
distilled water, an approximate value of its 
density can be obtained from the expression 

Weight, of solid in air c % 

Weight of solid in air-Weight of solid in water 

in accordance with Archimedes’ principle. 
This value requires correction for the buoyancy 
of the air and for the deviation, from standard 
(unit) value, of the water density at the 
temperature of the weighing. 

Let t/ — the approximate value of tho density of 
the solid as obtained in this way. 

D—the true density of the solid. 

V — the volume of the solid. 
d w =thc density of distilled water at tho 
to mix-rat ure of the weighing. 

<T = the density of the air at the time of the 
weighing in air. 

Then the weight of the solid in air = V(D-<r), and 
the weight of the solid in water —V(D~ rf w ). • • 

^ V(D-<r) _I)-<r 

V(b-<r)-- V(D- t/ w ) d ss -a 

D=d(d xv - a) -}-<r, 

i.e. the correction to be applied to thoi approximate 
value, d, in order to obtain the true value, D, of 
the density of the solid, is 

D - d—didy, -a - 1) -f <j. 

The values of this correction aro given in,. 
Table III., corresponding to 'h number of 
different temperatures and valuhs of tho 
approximate density. 

This table is sufficient to meet cases where 
the density is required with good precision, 
e.g. to 1 part in 1000, or better, provided of" 
course that tho weighings have beori made to 
a corresponding order of accuracy. 

In a comparatively limited number of cases 
where the utmost precision is required, e.g. in 
the determination of physical constants, the 
density should be worked out from ftrst prin¬ 
ciples, somewhat on the lines shown in § (16) (i.), 
whero the determination of the density of a 
liquid by pyknometer is discussed. 

In Table I. it is assumed that the tempera¬ 
ture of the air is the same as that of the 
water in which the weighing has been made. 
All the weights used in obtaining equilibrium 

1 Tho specimen may either be suspended directly 
from a wire, or else placed in a suitable vessel or 
cago which Is Itself suspended from a wire. 


(have been assumed to be o^ the same density. 
In special cases it may bo necessary to make 
separate allowances for departures from these 
assumptions. 

(ii.) Limitations to the Accuracy of the Hydro¬ 
static^ Method of determining Density. —In order 
to ^determine the weight of a solid spocimon 
in a liquid, it is usual to suspend it by a thin 
wire or filament from an arm of tho balance. 
This^at once limits tho accuracy of tho weigh¬ 
ing owing to tKe force exerted by tho surface 
tension of tho liquid on tho wire. Tho usual 
procedure is first to weigh tho solid specimen 
.with a definite length of suspension wire 
immersed in the liquid, and then to weigh 
tho suspension alone, with the same length of 
wire immersed, the specimen having been re¬ 
moved. The difference between those two 
weighings gives the weight of the specimen 
in the liquid, provided that the effect of tho 
surface tension of the liquid on the wire is tho 
same during both weighings. 

In practice the anglo of contact botrjeon the 
wire and the liquid (whether water or not) is 
likely to vary, and tho total forco on the wire 
due to surface tension is likely to accommodate 
itself in order to produce (Equilibrium. There 
is a small range of load over which equilibrium 
is obtainable with the balance. In other words, 
the weight of the specimen in the liquid is 
indefinite beyond certain small limits depend¬ 
ing on the diameter of the wire, the nature of 
the liquid, and the general oleannoss of tho 
wire and liquid. 

•Since for a given liquid the resultant forco 
on tho wire due to surface tension diminishes 
with the diameter of the latter, it is advisable 
to use the thinnest wire consistent with hearing 
the weight of the specimen. For example, a 
platinum wire of 2 mils' 2 (006 mm.) diameter 
is tho finest that call be used to withstand 
loads up to about f>0 grammes; but the 
maximum downward pull on the wire duo to 
the surface tension of the liquid (assumed to bo 
water) is 0-0012 gramme, and the weighing is 
limited in, accuracy by variations (say to the 
oxtent of a few tenth.* of a milligramme) 
in this force. It is, therefore, clear that 
beyond a certain limit it is of no avail to 
incroaso the sensitiveness of tho balance ftir 
hydrostatic weighings. c 

In these circumctanccs the maximum accu¬ 
racy is obtained by using as largo a solid 
specimen as possible, since tho minimum 
diefineter of availiqble suspension wire varies 
as the square root of tho load, and the surface 
tern ion effect becomes relatively loss important 
as the load increases. 

Othet precautions to bo taken in using the 
hydrostatic method for the determination of 
the density of solids are not given here in 
detail. It is recognised, of course, that stops 
* 1 mil= 1/1000 In. 
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Should bte taken t<# remove any gaseous 1 film 1 
or bubble which may 1)0 trapped between the 
solid and the liquid. If necessary, the liquid 
- containing the suspended specimen should be 
put under low pressure for a time so as to 
remove the entangled air. The use of recently f 
distilled water is to bo recommended in tiiis 
connection. 

The relativo importance of the two errors 
duo to # • 

(1) force of surface tonsion»on the suspen¬ 

sion wire, 

(2) entanglement of air by the specimen, 
depends on the size of tho specimen used. ■ 

In cases of specimens denser than water, the 
proportionate accuracy of tho resulting density 
may bo taken as equal to the proportionate 
accuracy of determination of the weight of 
water displaced by the specimen. This, of 
course, should be roughly estimated before 
the experiment is commenced. It would re¬ 
quire a specimen whose volume is at least 
5 c.c. t<j*ensurc that a proportionate accuracy 
of 1 part in 10,000 is obtained in tho final 
value of its density. 

(iii.) For a Solid which Jlonls in Water (or 
in the Liquid chosen for the Hydrostatic Weigh¬ 
ing ).—If the solid floats on the liquid chosen*a 
• sinker must be attached to it. This does not 
necessarily increase the number of weighings 
made, or complicate the working up of the 
results from the simple formula and the 
application of the correction table (Table 1.). 
The sinker may be regarded as part of the 
suspension wire, which is weighed first with, 
then without, tho specimen. , 

(iv.) By Nicholson's Hydrometer .—An alter¬ 
native plan dopending upyn the same funda¬ 
mental principle, but not susceptible #>f such 
good accuracy as the foresting nqjfchftd, is to use 
a Nicholson’s hyctromel^r. This instrument* 
belongs to tho class of hydrometers in which 
the volume of tho instrument immAsed is 
kopt constant. It has two cups or pans, a 
lower one (immefsed) and an upper one (not 
immersed), and can be made to floa# in water 
ujfr to a mark on its*stom by adding known 
weights to tho upper pan. 

The specimen whose density is required is 
weighed first in air from the upper pan of the 
hydro motor, and thcif in water from the lower 
pan, balance being obtained by varying *the 
knflwn weights on the upper pan until the 
hydrometer floats up to the reference mark 
on tho stem. From the Observations thus 
made, the weight of water displaced by the 
solid can be obtained, togother with its weight 
in air. The relative density of tho solid can 
then 1)0 calculated. • 

Thiflnstrument can also be used in tho case 
of a sj>eeimen less dense thai^ wator if the 

See lie Chatolicr and Bogltch, Comptes Ren this, 
1010, clxlU. 459. 


1 lower pan is suitably shaped, or if a small 
wire cage is made in which the specimen can 
bo put in onjpr to keep it from floating. 

(B) For a Small Solid Specimen .—Beyond 
a certain limiting smallness, the hydrostatic 
I method is clearly impracticable, and methods 
0, I), and E should be considered Recording 
to the nature and amount of specimen at 
hand. If a large quantity of tho specimen is 
available in the form of fragments, it may bo 
weighed in water by using a suitable receptacle, 
hanging # in «tho water, from the usual wire 
suspension. In tho case of small fragments 
and powders, it is not easy to avoid errors due 
to the adhesion of air to the specimen. 

(0) By the Specific Gravity Bottle—(V or a 
solid specimen or for fragments of a solid.) 
Tho familiar specific gravity bottle offers a 
somewhat different method of determining tho 
density of a solid w'hich is only available in 
small fragments. The form and capacity of 
the bottle may vary widely according to the 
special purpose for which it is used. Funda- 
j mentally, like the hydrostatic method of (A) 
i (i.), it is the means of obtaining tho w'cight of 
water displaced by the specimen, and hence 
its volume. 

The specimen, whose weight in air is known, 
is placed in a clean dry specific gravity bottle, 
which is then filled up to the top (or to a definite 
mark) with distilled water or other suitable 
^iqjiid. After the bottle and its contents are 
! weiglfbd, the bottle is emptied, then filled to 
the same mark with distilled water, and 
weighed agafn. These two weighings give tin? 
difference between the weight of the specimen 
and that of an equal volume of water. 

The density of the speeimen can then be 
; calculated, the usual corrections being made 
| (see Table III.) for atmospheric buoyancy and 
! lor departure §f tho temperature of the water 
j from standard conditions. 

Some precautions are necessary in using 
this method. Solids, especially in the form of 
small fragments, filings, or powder, entangle 
appreciable quantity of air, which replaces 
some of the water in • the bottle. A con¬ 
siderable 2 proportion of this air may bo 
removed by using a vacuum pump. ln*order 
to avoid this source of error, M. Billy 8 has 
worked witli a specific gravity bottle, filled with 
carbon dioxide, to "which he admitted caustic 
potash solution and the specimen under 
examination. Any gas entangled by tho 
fragments of the specimen is dissolved by 
the caustic potash. 

The uncertainty in tho weight of the bottle 
containing wat^r, owing to slight evaporation 
of the liquid during the process of weighing, has 
l)oen overcome iit some types of pyknometer. 

a Sec Ouyc and Zaoha Hades, Comptes Rendus, 1909, 
cxlix. 593. « 

1 * Comptes Rendus, 1913, clvi. 1005. 
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Dknsity Dktkhmi nation Oorrbctions 
(For line in the method of weighing a solid in air and in water.) 

Note 1.—This table shows the correction to lie applied to the approximate value '(<!) of the density of 
solid in order to obtain its true density in grammes j>or “mill lifte. The correction is additive when its sign Ml. 

1 , and subtractive when its >ign is - . 

Nut*- 2.- The corrections have been calculated for an atmospheric pressure of 700 mm. of mercury- 
under standard conditions. The values vary to a small extent with the atmospheric pressure, but may 
lie taken as accurate to within ' 2 |kt cent for any pressure between 740 and 800 mm. ■ 


Approxi- 


T« 

nperature of Water in wnleh the W< 

idling is made. 


Density. 

lire. 

ir<\ 

12 C. 

13’ 0. 

14- (1. 

If.- c. 

16 ('. 

17' C. 

001 

« 0-00123 

: 0 <0122 

! 0 00122 

.... 

; 4MH121 

•• 000121 

-I 000120 

• 000119 

i 0 -00119 

010 

: 0-0010<l 

■ 0 4H>K)S 

0 001.1*6 

4 0-(Mt|05 

» 0-04)103 

4 0-00101 

-i 0-00099 

1 0-04)097 

1-0 

--0-00027 

- 0 00037 

- (MKHU7 

- oowoo 

- 000073 

- 0-00087 

-0-O01O3 

- 0-00120 

2 0 

-0-0018 

- 04)020 

- 0 (022 

- IMK>24 

- 0 (027 • 

- 0-0030 

- 0 -0033 

0-(K)36 

3-0 

00033 

- 00036 

- 0 0039 

- 00042 

- 0-0046 

- 0-0051 

- 0-0055 

- 0-0060 

40 

-0-0048 

00052 

0-UO.W 

- 00061 

- 00066 

- 0-0072 

0-0078 

0 (X)84 

r»o 

00003 

- 0-tNt68 

0-0073 

- 0-0079 

- <MH)85 

- 00093 

001410 

-00108 

0-0 

- 00079 

0-0084 

- 00090 

- 0 0097 

00105 

-00114 

-00123 

00133 

7 0 

-0-0094 

-00100 

-00107 

-00116 

- 0-0125 

-00134 

- 0-0145 

— 00157 

80 

0-0100 

-0 0116 

-0 0124 

-00134 

- 0-0144 

- 0-0155 

-00168 

-00181 

9-0 

- 00124 

-0 0132 

- 0 0142 

0 0152 

-00164 

-00176 

- 0 0190 

- 0205 

100 

- 0 0139 

-0 0148 

-00159 

-00170 

- 0 0183 

-00197 

-00213 

-00229 

110 

- 0-0154 

-0-0164 

-00170 

-0-0189 

-0-0203 

-0-0218 

-0 0235 

0 0253 

12-0 

- 00170 

-00181 

-00193 

-00207 

-0-0222 

-0-0239 

-00257 

-0 0277 

13-0 

-0-0185 

- 0-0197 

-0-0210 

-0-0225 

- 00242 

- 0-0260 

-100280 

-00301 

14 0 

-00200 

-0-0213 

-0-0227 

- 0 0243 * 

- 0-0261 

- 0-0281 

- 00302 

- 00320 

15 0 

-00215 

-00229 

- 0-0244 

0-0262 

-00281 

- 00302 

- 00325 

- 0-0350 

160 

- 0-0230 

-00245 

-0 0261 

- 0 0280 

- 00301 

- 0-0323 

-0 0347 

-00374 

170 

-0-0245 

-0-0261 

-0-0278 

-00298 

- 0-0320 

-0 0344 

- 0 0370 

- 00398 

18 0 

-0-0261 

- 0-0277 

-00295 

-0-0317 

-00340 

- 0-0365 

-0 0392 

-0 0422 

100 

-0 0270 

- 0-0293 

-00313 

• 0-0335 

-0 0359 

-0-0386 

-0-0115 

-00446 

* 20-0 

-0 0291 

-0 0300 

-0 0330 

- 0 0353 

-0 0379 

-0 0407 

-0-0137 

- 0-0470 

21 0 

-0-0306 

- 0 0325 

-0 0347 

-0-0371 

-0-0398 

-0-0428 

-0 0460 

-00494 

22-0 

-0-0321 

-00341 

- 0-0364 

- 0-0390 

-0 0418 

- 0 0449 

-0-0482 

-0 0519 


Approxi- 


Temperature of Water in which the Weighing is made. 


mate 

Density. 

18 C. 


20’ C. 

21 C. 

-- c - 

23‘ C. 

2+ C. 

2V C. 

0 01 

[0-00118 

< 0-00118. 

1-0-00117 

+ 0 00’16 

+0-00116 

t 0 001J5 

+0-00114 

+ 000114 

0 10 

1 0-00095 

+0 00093 

+0-00090 

(-0-00088 

-( 0-00085 

■ t 0 -00082 

+ 0-00O80 

1 0-00077 

10 

-0 00138 

-0 00157 

-1)00177 

- 0-00108 

- 4 1 00220’ 

- 0 04)243 

-0-00208 

- 0 04)293 

2 0 

-6 0640 

-0-04)13 

-0-0047 

-0-0052 

- 0-0056 

-0 0061 

-0-0065 

- 0-04)70 

3 0 

- 0 4065 

-0-0071 

- 0-0077 

-4)0083 

-0-0090 

-0-0097 

0-014)4 

- 0 0111 

4 0 

-0-0091 

- 0-0099 

-0 0107 

-0-0115 

- 0 0124 

- 0-0133 

-0-0143 

-0-0152 

50 

-00117 

-0-0127 

-0-0136 

-00147 

- 0 -oi (>8 

- 0-0169 

- 0-0181 

- 0-0194 

GO 

-00143 

w - 0-0154 

-0-0166 

-4)0179 

- 0 0192 

- 0-0205 

- 0-0220 

00235' * 

7-0 

-00109 

-0-0182 

-00196 

-0 0210 

-0 0226 

- 0-0242 

- 4)-0258 

-0-0276 

8*0 

-0 0195 

-0 4)210 

-0 0226 

-0-0242 

- 0*0260 

— 0-0278 

-4) 0297 

- 00317 

- 0-035^ 

9-0 

-0 0221 

- 0 0237 

-0 0255 

- 0-0274 

-4)0294 

-0-0314 

-0 0335 

10-0 

-0-0247 

-0 0205 

-0 4)285 

- 0 0306 

- 0-0327 

-0-0350 

-0-0374 

- 0-0399 

11 0 

-0-0272 

- 00£93 

-0 0315 

-0-0337 

-0 0361 

- (7-0380 

-0-0413 

-0-0440 

120 

-0 0298 

-0-0321 

-0-6344 

-0 0309 

- 0-0395 

-0 0423 

-0-0451 

- 0-0481*. 

13 0 

-0 0324 

- 0-0348 

-0-0374 

- 0-0401 

-0-0429 

-0-0459 

-0-0490 

-0-0522 • 

140 

-0 0350 

-0-0376 

-OC44)4 

- 0-0433° 

- 0-0463 

- 0-0495 

-0 0528 

-0-0563 

15-0 

- 0-0376 

-0 0404 

-0 0433 

- 0-0464 

-0-0497 

-0-0531 

-0 0567 

-0 0604 

16-0 

-0-0402 

-0 0431 

- 0-4)463 

-0-0196 

-00531 

- 0-0567 

-0-0605 

- 0-0645 ( 

17-0 

-0 0428 

-0 0459 

— 0-0493 

-0 0528- 

- 0-0505 

-0 0504 

-0-0644 

-0 088# 

180 

- 0 0453 

- 0-0487 P 

- 0 0522 

- 0-0560 

-0-0599 

-0-0640 

-0-0083 

- 0-0727 

19-0 

- 0-0479 

-0-0515 

-0 4)552 

-0-0591 

- 6-0033 

-0-0076 

-0 0721 

- 0-0768 

20-0 

— 0-0505 

-0-0541 

-4)0582 

- 0 0623 

-0-0667 

-0-0712 

- 0-0760 


21 0 

-0-0531 

-0 0570 

-0-0611 

- 0 0655 

-0-0701 

- 0-0749 

-0-0798 

-0 0850 

220 

-0-0557 

- 0-0598 

-0-4)641 

— 0-0687 

-0-0735 

0-0785 

-0-0837 

-0 0892 
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5y Volumenometer. — Volumenometers 
?-j&ay b© considered ift two classes, according as 
•^wiey'directly or indirectly measure the volume 
s^o!;-thp solid 8|Kx*imen. The former class 
^'•.comprises graduated vessels such as burettes, 
ms» etc., which can bo usod in some cases 
.yin conjunction with a liquid which does V>t 
V;- act upon the specimen whose volumo is to be 
! ^measured. The other class of volumenometer 
/depends on measuring the volume of a givon 
Jwiciosuro of air by the change of pressure 
■Xi&quired to doerease (or increased that volume 
% a known amount, first with tho specimen 
;-jj]£Ced in the enclosure, then with the specimen 
; removed. This class of volumenomoter avoids 
the use of a liquid in contact with the 
•‘.specimen, and therefore provides the only 
“suitable means of determining the density of 
,a solid which, owing to its nature, cannot be 
- immersed in a liquid (e.g. a solid specimen 
which is decomposed by liquid). The same 
v method is applicable to such bodies as cotton 
. or glass wool, provided that the wool is not so 
.'closely pifbkcd that the equalisation of the air 
ressuros without and within the specimen is 
inderod. 

A number of volumenometers havo been 
, describe^ in scientific journals. Among these, 
reference may be made to the instruments <Jf 
a Bremer, 1 Oberdeck, 2 Zehnder, 3 and Carman. 4 
It is clear, however, that volumenometers of 
'this typo cannot be usod for the determination 
of the densities of substances which give off 
water vapour or any gas. 

(E) By Flotation .—In this method, which 
i is -especially suitable for small fragments of 
certain crystals and minerals, the density is 
' determined from a knowledge of the density 
of the liquid in which tho ^olid specimen will 
just float. Tho range of densities ^vered 
by this method is limited by, tlfflt of the 
liquid available. "Methylene) iodide has an, 

' approximate density 3-3, and by dilution with 
' benzene, toluene, or xylene, the (Tensity*of the 
mixture may be reduced to 0*9. Substances 
which aro attacked by these liquids may be 
"floated in aqueous solutions of •otassium 
mercuric iodide or ftmum mercuric iodide. 
The latter salt is not always suitable. 

flotation method ’s a very sensitive ! 
’criterion of tho density of a small specimen, j 
>In practico equilibriulh is easily disturbed even j 
by small changes of temporal re of the liqiyd ; j 
and if tho specimen takes tho form of a 
^powder, some of the particles will be found 
*\to sink and sortio to rise whdh the best adjuSt- 
,ment of tho density of tho liquid has boon 
made. 

; Tho liquid mixtures must bo choson so that 

1 7 tt'C. trnr. rhim ., 1898 , xvll. 263, 405. * 

*■*• Wuti. Ann., IKON, lxvH. 

C * Anna ten iter Physih, 1903, x. 40; ibid., 1004, xv. 

vS2H. . 

) 4 rhys. Rev., 1008, xxvi. 300. 


the. solid specimen is unacted upon by it.. Tho 
Accuracy of the flotation mciluxl is limited 
by the adhesion of a thin layer of air to tho 
surface of the ^jK'chnen. Owing to the small 
size of each fragment of the specimen, tho 
error due to this cause is relatively l:irg« r than 
s in other methods of determining density. 

The fiotation method may also be usefully 
applied to a number of waxes and fats? 

§(17) Degree of Constancy of Density 
of Substances of nominally the same 
Material. —The density of a specimen may 
be usod as a, criterion of the degree of its 
purity or" consistency. In many cases the 
•accuracy of determination of density lies 
within tjio limits of consistency of the sub¬ 
stance, and lias been used in explaining small 
changes which occur in the internal structure 
of solids. 

For example, the density of a given metal 
dopends, to some extent., on its internal 
structure. As a general rule, working a metal 
diminishcs’its density, 5 while complete anneal¬ 
ing increases it. ■ 

In another direction 0 Lc Chatelier and 
Wologdine have attributed the very discordant 
values previously obtained for the density of 
graphite to the impurity of the specimen, 
and have succeeded in purifying a number of 
specimens supplied from widely different' 
sources, obtaining almost identical values for 
their density. 

• Xhe consistency of the density of ice has 
been investigated by Nichols, 7 Vincent, 8 and 
other workers, 8 who havo found differences 
of density of the order I or 2 parts in 1000 
between new* and old ice, and also between 
natural and artificial ice. These havo been 
attributed to tho effect of dissolved air in 
the ice. 

Porous Bodies. — Porous bodios may be 
Regarded as containing a large number of cells 
of air or gas, some of which arc effectively 
sealed from communication with the external 
atmosphere. 

The density of a porous body is usually held 
Jo mean tho average density of the cellular and 
solid material contained, in the specimen, i.e.' 
tho mass of unit volume of porous substance. 
Wherever the actual density of tho .solid 
material is required, the porous specimen 
should preferably be reduced to a powder or 
to small fragments* if good accuracy is to bo 
obtained* ' 

§(18) Determination of tiie Densities 
of Gases. —The densities of gases, like thoso 
of solids or liquids, are usually referred ulti- 

5 Lowry and Parker, Chem. Soc. Trans., 1915, . 
evil. 1005. 

* Camples Renans, 1908, cxlvl. 49. 

7 Vhys. ltev., 1899, vlll. 184. 

I * Phil. Trans., 1902, rxcvill. 403. 

* See summary by Barnes, Roy. Soc. Canada 
1 Trans., 1909, ill. 3. 
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mately to the density of water at 4° C/ In 
other words, they are measured in terms of 1 
the kilogramme and litre as units. 

It is often convenient to express the density 
of a gas relatively in terms of some other gas 
as standard. Hydrogen was first used as 
reference standard, being the lightest kuowi# 
gas, but since its density could not bo deter¬ 
mined Nvith the same proportionate accuracy 
as that of other gases, oxygen was finally 
chosen as standard of reference instead. 

In determining the mass of unit volume of 
a gas, or the relative densities,pf two gases, 
the conditions of temperature and pressure 
under which they are confuted are of importance • 
owing to the magnitude of their influence on 
the resulting density. It is preferable to 
express the density of the gas under standard 
conditions, i.e. at 0° and under a pressure 
of 700 mm. of mercury measured at 0° C. and 
at standard gravity. 1 As regards measure¬ 
ment of pressure, reference should be made to 
the article “ Jlarometers and Manometers.” 

The accuracy of measurement, of temperature 
is equally important, and in work of the highest 
precision the gas whose density is required is 
kept at 0° C. while its pressure is being 
measured. 

Method'} of Determination : (i.) By weighing 
tile Gas contained in a Globe of predetermined, 
Capacity .—This method has been worked out 
in detail by Rayleigh, Raiusav, Morley, Leduc, 
and others, and has been found most susceptible 
of high accuracy provided the amount«>f gas 
available is sufficiently large. 

Briefly, the cxjierimental method adopted 
by them is as follows : * 

A glass globe, consisting of a spherical bull) 
sealed to a capillary glass stop-cock, is weighed, 
first when thoroughly evacuated, and then 
when filled with dry gfis under measured tem¬ 
perature and pressure. The evacuation and 
filling of the glol>e are repeated t several times. 
These weighings give the mass of a definite 
volume of gas provided t hat accurate correction 
is made for the compressibility of the globe 
owing to its contraction in volumo on hein^ 
exhausted. (For Rayleigh’s method of making 
this allowance see Boy. Soc. Proc., 1892,1. 460.) 
The ^volume of the bulb is determined by 
weighing it full of water. 

Throughout the weighings, the greatest care 
should be taken to minftnise errors which 
arise from • 

(1) The large buoyancy of the bulb. 

(2) The condensation of moisture on the 
surface of the bulb. 

The best plan is to use, as a counterpoise, a 
second bulb which is as nearly as possible 

' .Standard gravity Is the value of gravity at 
mean sea-level in latitude 40°. Jts value lias been 
accepted ns 980 005 cm./(see.)* by the International 
Conference on Weights ami Measures held in Paris, 
1913; but sec “ Atmosphere, Physics of.” 


similar to the first one, both as regards 
dhnonsions and material. 

This method has been used in the determina¬ 
tion of the densities of the principal gases. In 
this connection, tho following references should 

be consulted : 

v 

Rayleigh (for air, oxygen, nitrogen), Roy. Soc. 
Froc., 1888, xliii. 350; 1889, xlv. 425; 1892, 1. 448 ; 
1893, liii. 134. 

Leduo (for air, oxygen, nitrogen), Ann. Chim. 
Ply#., 1898, xv^27 ; Truvauz el Mtmoires du Bureau 
Internatl., 1917, itomc xvi. 

Morley (for oxygen and hydrogen), Zeits. Phys. 
('hem,, 1915, xix. 437. 

Hermann (for oxygen), Journ. Phys. Ghent., 1915, 
xix. 437. 

Ramsay and Travers (for argon and its com¬ 
panions), Phil. Trans., 1901, cxcvii. 47. 

(ii.) By Means of the Micro - balance .— 
Although during tho last few years the micro¬ 
balance, described above in § (6), has been 
used with striking success to measure tho 
densities of some of tho rarer gases, it is by 
no moans a recently devised instrument. 

The foregoing method (i.) of weighing a 
known volumo of gas in a glass bulb yields 
results of very high accuracy so long as that 
volume is largo enough, blit in the ease of tho 
rarer gases the amount of gas available is so 
small as to render this method impracticable • 
when high accuracy is required. Since, 
however, the accuracy of determination of the 
density of a very small quantity of gas by 
means of a balance must, ultimately be limited 
by tho sensitiveness of that balance, the micro¬ 
balance has been looked upon as offering the 
best chance of obtaining increased sensitiveness. 
This'typo of balance operates on the principle 
that a change in weight is measured by the 
change^ in the net 3 buoyant force on tho 
balance d«ie to the gas in which the small 
% balance is suspended^ the pressure of the gas 
being adjustable, and measured by moans of 
a merpdry ftianomcter connected with the 
balance case. 

Chemical weights as used #vith the ordinary 
balance replaced by the pressure readings 
of the manometer used \yth the micro-balance, 
allowance being made for temperature changes. 

By using the micro-balance in atmospheres 
of two gases in turn, the relative densities of 
these gases may be doteriiinod, being inversely 
proportionate to the pressure required to bring 
the balance to some convenient position* of 
equilibrium, provided the temperature is 
constant. * 

The general design of quartz micro-balances 
has been discussed under § (6). 

The densities of the following gases have 

* ThoVnmount of condensation of moisture qn glass 
varies with its composition. Silica would probably 
he an Improvement on glass in this res|>ect. 

* The beam of t tlie balance is not symmetrical, one 

arm containing a bulb. , ' 
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been measured to a high degree of accuracy n 
' / by moans of the micro-balance: helium by 
T. S. Taylor, Phys. Rev., 1917, x. 053; radium 
. emanation by Gray and Ramsay, Roy. Sac. 
troc,, 1910, Ixxxiv. 530. 

Other balances based on the samo printiple, 

2 but intended for the commercial measurement 
pi the densities of gases, have been designedly 
Edwards 1 and Armlt. 2 

The method of determining the density of 
a gas by means of a micro-balance is com¬ 
paratively quick in practice. Although 
capable of vory high accuracy, it is also 
bonveniont to use in cases where only moderato 
accuracy is required. Aston 3 measured the 
density of neon to within 1 part in 1000 
by means of his quartz micro - balance. 
Less than a cubic centimetre of the gas 
was used. 

A somewhat similar balance had previously 
been used by Gray. 4 

(iii.) Other Methods .—Of the other methods 
devised for measuring densities of gases, 
reference* should be made to the ingenious 
method of Sell loosing, 5 which is also suitable 
when only small quantities of the experimental 
gas are available. Jaquorod 6 and Tourpaian 
have used a hydrostatic method of weighing 
a glass cylinder of known volume in the gas 
whose density is required. 

A method somewhat similar in principle to 
Hare’s method for measuring the relative 
densities of liquids (§ (15)) has l>cen descrilied 
t by Threlfall. 7 It involves, however, compara¬ 
tively large apparatus, but can bo used to 
measure relative densities of gases to within 
1 part in 2000. • 

§ (19) Determination ok the Densities 
of Vapours.— The determination of density 
is an operation which has to l>e performed 
much more frequently fo<® a vajfftur than for 
a gas. • 

While it may fairly be claimed tli^t the 
measurement of the densities of gases has 
been made to a high degree of precision, the 
operation of determining the dcnsjjy of a 
vapour is often attended by considerable 
exjf'rimontal difficulties, and is consequently 
leas productive of accuracy. 

P^sont-day methods of measuring the 
densities of vapoury follow the general 
principles usod by Gay-Lussq^, Victor Moyer, 
and Dumas. 

(i-l In Gay - Lussac’s apparatus a known 
*<- weight of substance is introduced mi 
vaporised in the vacuum space above the 
^ JWigrcury column in a barometer tul>e which 
.y;;.: h:ech. Paper, Bureau of Standards, No. H'.», 1917. 

* Chem. and Metall. Engineering , March 15, 1919, 
P.291. 

* Roym^or. Proe ., 1013, Ixxxix. 439. 

'* I*roc. Eonink. Akad. Amsterdam , 1905, vil. 770. 

4 Camples Itendus, 1898, exxvi. 220*470, 890. 

* Ibid., 1910, ell. 000. * 

^ 1 Roy. Sot. Proe,, 1900, Ixxvii. 542. 


is calibrated so as to read off the volume of 
the vapour. The temperature of tho vapour 
may usually be taken to be that of the heating 8 
jacket surrounding tho barometer tube, while 
the pressure of the vapour can readily he 
obtained as the difference between the height 
of tho mercury column and that in another 
barometer tube which contains no* vapour. 
It should ho observed that Gay-Lussac’s 
apparatus also admits of determining tho com¬ 
pressibility of the vapour. 

Ramsay 9 and Steele, in their determination 
of the vapour densities of carbon compounds, 
have used an apparatus which is essentially of 
this form. 

It is very important to test tho residual 
pressure in tho vacuum space of the tube in 
which the vapour is to be generated. Serious 
error may result from the presence of a very 
small amount of moisture, the full effect of 
which can bo estimated on studying the values 
of the va’pour pressure of water at various 
temperatures. This precaution should he 
taken in all methods for the determination 
of the densities of gases and vapours. 

(ii.) In Victor Meyer’s method the gas- 
measuring apparatus in which the volume of 
the vapour is measured is separate from tho 
tube in which the vapour is generated. Tho 
flipour displaces its own volume of air of tho 
same temperature and pressure, expelling it 
jfito the gas apparatus, where it is measured at 
atnfbsgheric temperature and pressure. 

High accuracy cannot, however, be obtained 
by this method. 

(iii.) Dimuw’ method depends on measuring 
thc^volumo occupied hv the vapour of a known 
mass of substance in a bulb immersed in a 
suitable bath, but is not frequently used by 
chemists. 

# For further details regarding these methods 
of measuring valour-densities, reference should 
l)e made to the following papers : 

Modifications of (!ay-Lussac>s Method 

Thorpe, Chcm, Soc. Trans., 1880, xxxvii. 147. 
t (lipstick, Phil. Tran*., 1894, clxxxv. I. 

Egerton, Chem. News, 191 £ civ. 259. 

Modifications of Victor Meyer's Method • 

Biltz and V. Meyer, Zells. Phys, Chem., 1888, ii. 
189 ; Chem. News, 1908, xcvii. 

Weiser, Jour. Phys. &hcm„ 1910, xx. 532. 

Maclnncstand Kroiling. Jour. Amer. Chem. Soc., 
1917, xxxix. 2350. 

Modification of Dumas' Method 

Schulze, Physik. Zcits., 1913, xiv. 922. 

Other Methods 

J\ Blackman, JoTtr. Phys. Chem., 1911, xv. 869; 
Chem. News. 1900, xiv. 307. 

* A liquid of suitable boiling-point, is used for 
heating purposes. 

• Phil. Mag., 1903, vi. 492. * 



















fotXOONS FOR TUB INVESTIGATION OF THE 
./ tJl’PEK Air. See “Air, Investigation of 
"..'’Upper,” § (3). 

'-, Kite. See ibid. § (4). 

■ —, Pilot. See ibid. § (6). 

-, Registering. See ibid. § (5). v 

liv^ALLS, Steel, elastic compression of, during 
^measurement. See “ Gauges,” § (16). 
f^AR. The bar is the dynamical unit of 
?: atmospheric pressure, and «s equal % 
1,000,000 dynes per sqttaro centimetre. 
The pressure of a standard atmosphere is 
; 1,013,193 dynes per square centimetre, so 
that the bar is approximately the pressure 
of the standard atmosphere. 1 bar — 29-53 
jneh.es — 750*076 mm. at 273° A. in latitude 
,45-°. The bar was approved as a unit of 
pressure by tho Conference of Physicists, 
Paris, 1900, and was introduced into meteoro- 
• logy by Bjerknes. The unit in use in meteoro- 
V logy is the millibar, one thousandth of a bar. 
>r: It should be distinguished from the chemical 
*■ . “ bar,” ^vhicli is a pressure of one dyne per 
- square centimetre. See also “ Barometers 
and‘Manometers,” § (2) (i.). 

Barograph, Aneroih. Sec “ Barometers and 
Manometers,” § (14). • 

\ Barometer, Aneroid : an instrument, for 
^ the measurement of atmospheric pressures, 
whose operation depends in principle on 
the fact that a thin metal disc or mem¬ 
brane responds elastically, to an appreci¬ 
able degree, to the difference of pressure 
on its faces. Sec “ Barometers and 
Manometers,” § (10). 

Accuracy of. See ibid. § (13) (i.). 9 

Adjustment and testing of the aneroid 
- y*. mechanism in the works of. See # ibid. 
§( 12 ). , . * 
.Compensation off for temperature. See 
ibid. §(11). 

, jBrrors and defects of: “ Aecp ”• and 
S “hysteresis.” See ibid. § (13) (ii.). 
Influence of the#rate of changes of pressure 
on the calibration of. See ibid. § (iii.). 


limitation of the aillount of “ creep.” See 
*Y- ' ibid. § (13) (v.). 

if' Vacuum chamber of. See ibid. § (10) (ii.). 
i Barometer, Fundamental Standard. See 
“ Barometers and Manometers,” § (9). 
$BaR0M£Ter, Gauge- : a barometer which 
can be put in connection with any artificial 
fifegas pressure. See “ Baronyters and Mano* 
fy.* meters,” § (3) (vi.). 

(^Barometer, Kew Pattern : 

Cistern errors in, tabulated. See “ Baro- 
* ' meters and Manometers,” § (7) (ii.) (b). 

TaMo IV. 

•'t Temperature correction to. See ibid. § (6) 

' o*-) (6)- . • 

A* See also ibid. § (3) (iv.). 


Barometer, Marine : 

Errors in the use of: pumping of mercury 
barometer.^ at sea. See “ Bammeters and 
Manometers,” $ (S) (ii.) (b). 

Influence of the velocity of a ship on the 
O’ effective value of gravity acting on the 
mercury column. Sec ibid. § (8) (ii.) (c). 

Kew pattern of. See ibid. § (3) (v.) (e). 
Barometer, Mercury : 

Accuracy and permanence of, as a pressure 
indicator. See “ Barometers and Mano¬ 
meters,” §.(8). 

Capillary' depression of, in tubes of given 
•» bores and given values of the meniscus 
height, tabulated. Sec ibid. § (7) (ii.), 
Table 11. 

Conditions essential to tho success of: (a) 
cleanness and dryness of the mercury and 
tube; (6) a good vacuum above the 
barometric column in the tube. See 
ibid, § (4) (i.). 

Correction of, for gravity. See ibid. § (6) (ii.) 

Correction of, for temperature : the Fortin 
and Siphon types of barometer. See 
ibid. § ((>) (i.) («). 

Correction of, for temperature and gravity 
variations, when graduated in millibars. 
See ibid. § (6) (iii.). 

^Correction of standard temperature of, for 
variation of gravity with height, being 
diminished by 1° A. for every 520 metres 
• (for a Fortin type barometer) of height 
al^vc mean sea-level. See ibid. § (6) 
(iii.). 

Furors and defects of. See ibid. § (7). 

Errors due tf> capillary action of the mercury. 

# See ibid. § (7) (ii.). 

Errors due to lack of vorticality. See ibid. 
J(7)(v.). 

Extent of errors in indications of, due to 
, • variation of capillary action in the tube. 
See ibid. §^7) (ii.) (a). 

Limitations to the accuracy of. in the 
measurement of atmospheric pressures: 
the effect of a wind. See ibid. § (8) (ii.) (a). 

Method of reading, for ordinary precision. 
% See ibid. § (5) (i.j. t 

Methods of reading, for high precision; 
methods of setting mercury lovely to 
points. Sec ibid, § (5) (iii.) (a). Optical 
methods. See ibid. § (5) (iii.) (b). 

Preparation, adjustment, and testing of; 
preparation of tubes. See ibid. § (4) (i.). 

Standard pattern of. See ibid, § (9). 

Testing of, comprising—(1) preliminary in¬ 
spection of barometer to discover errors 
of design, workmanship, and adjustment; 
(2) series of comparisons, at current 
atmospheric* pressures, between baro¬ 
meter and a vjprking standard barometer. 
See ibid. § (4) (iv.). 

Types of: not self-recording. See ibid. 
§ (3) (vii.) (a). * 




Types of: self-recording. Sec ibid. § (3 jf 
(vii.) (b). 

Barometer, Movable Scale * an instrument 
in which the zero of the scale is adjusted 
to the level of the mercury in the cistern. 
Two designs to be noted are (a) the Ncwnmf 
pattern, (b) the observatory barometer. See 
“ Barometers and Manometers,” § (3) 
(iii.). 

Barometer in Practice. See “ Barometers 
and Manometers,” § (15). 

Barometer Tubes, The Filling of. See 
“ Barometers and Manometers,” § (4) (ii.). r 
Barometers, Fortin and Kkvv, 'General 
Accuracy of, tabulated. See “ Barometers 
and Manometers,” § (8) (i.), Table VI. 

BAROMETERS AND MANOMETERS 

This article deals only with those instruments 
which are used for measuring (a) such atmo¬ 
spheric pressures as occur in nature, or (b) such 
artificial gas pressures as lie within similar 
limits, together with instruments which, 
though barometers in principle, are used to 
measure in units other than pressures. 

I • 

§ (1) Broad Principles of Methods of 
measuring Pressures. —Pressure is defined Us 
force per unit area, and is naturally nvasured 
in terms of weight. 1 In the measurement of 
air and gas pressures with which this article 
is concerned the fundamental idf-a is to balance 
the pressure against a column of liquid w^iose 


B, and the manometer of Fig. 1 becorti^ tfio 
barometer of Figs. 2 and 3. The present-day 
liquid barometer for measuring atmospheric 
pressures is in principle essentially as shown 
in Figs. 2 and 3. 

Mercury is practically the only liquid that 
V a n bo used in barometers that register 
atmospheric pressures. In addition to having 
such a large specific gravity that the length 
o£ the barometric column is not too cumber¬ 
some, its vafpur pressure is so small as to be 
negligible, at all ordinary working tempera¬ 
tures, except in fundamental standard baro¬ 
meters of the highest precision. 

Usually in barometry the chief concern is 
to determine the height of the mercury 
column, and to use the height as a measure of 
the pressure, provided that the value is duly 
corrected to refer to mercury under standard 
conditions of temperature and gravity (§ (6)). 

Accordingly, either the height of the baro¬ 
metric column is measured by a cathctometer, 
or else a scale is set up near tl$ mercury 
column as part of the barometer, and suitable 
means provided for reading the liquid level 
on the scale. The latter method is usual in the 
meteorological barometei 4 ; the cathctometer is 
sometimes used in the laboratory when great 
accuracy is required, and is generally an 
adjunct of the primary fundamental barometer 
as used in the various national standardisation 
laboratories (§ (9)). 

Alternatively, a medium which is sensitive 
to changes of pressure may lx; used as a 
barometer. The elastic properties of a thin 
metal membrane or diaphragm have been 
usdd to indicate the difference between the 


weight is known, provided that 

(«) The height of the column, 

(6) Its density, 

(c) The value of gravity noting upon it, * * 

are known. * 

The principle is familiar, and sufficiently 


well indicated* in the 



Flos. 1 , 2, and it. 

and vapour, 14 the liquid 
to measure the pressure 


diagrams. Figs. 1, 2, 
and 3, in which the ! 
weight of the liquid \ 
column between the j 
levels A and B ; 
balances the differ- j 
ence of air pressures I 
, on the two liquid j 
surface^ A and B. 
By arranging for a 
^ closed end to the 
tube above A, with 
tho space above 
A completely ex¬ 
hausted of all gas 
column can be used j 
of the air at tho level ! 


pressures on its two surfaces. 

By using a vacuum - box formed of two 
membranes the present-day aneroid barometer 
has been evfdved, indicating pressures through 
the medium of the* movement of one of the 
rnembranceS of its vacuum-box, the other 
being fixed at its centre. 

It is customary to use a,system of levers to 
obtain sufficient magnification of the move¬ 
ment of the diaphragjp to indicate it <yi a 
suitably open scale. This has generally proved 
satisfactory for all aneroids whether self- 
recording or not, and is convenient for a 
portable instrument. « 

Broadly speaking, the instruments used for 
atmospheric barometry belong to one or ether 
of the two general types just indicated. 


§(2) Units of Measurement of Pressure. 
(i.) The Mercury Unit. —Since the principal 
item in the determination of pressing by the 
mercury barometer is the measurement of the 


' Sec “ Pressure, Measurement of” Vol. I. height of the mercury column, it is natural 

3 Eiccpt the vapour of the liquid. ’ that the scale of this instrument should be v 
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gradated in pure length units, i.e. in inches 
or millimetres. 

The English standard of length being defined 
at a temperature of 02° F., the inch barometer 
is designed so that when its temperature is 
62® F. the instrument measures true incfles 
of fnercury at 02° F. Similarly, since tin; 
International Prototype Metre is defined as 
- standard at 0° C., the scale of a metric 
barometer measures the mercurv column jp 
correct millimetres when the temperature of 
the instrument is 0° 0. 

The measurement of barometric height is 
-only part of the complete determination of 
pressure, since the condition of the mercury 
has not yet been defined. This is done by 
specifying the mercury to bo under standard 
conditions of temperature and gravity. 

Standard gravity is defined as the value 
of gravity at sea-level in latitude 4, f >°. Its 
value has been accepted as 1 980-005 cm. 
per sec. per sec. by the International Com¬ 
mittee on ^eights and Measures. 

Tho standard temperature for the mercury 
has always been taken as 0° C. (32° F.). 

It is often customary in practice to regard 
the expressions “ ntfllimetres of mercury,” 
“inches of mercury,” as implying that the* 
mercury 2 is under standard conditions, but 
it is preferable to say so definitely. A metric 
barometer may be regarded as having a 
standard temperature 0° (J. It can hardly 
be said that an inch barometer has a standard 
temperature, for when the mercury is under 
standard conditions the scale is not, and vice 
versa. There is, however, one temperature, 
not far removed from 32° F., at which the 
direct reading of the inch barometer gives 
true inches of “ standard ” * mercury. # JThis 
temperature lies between 28° and <* 32° F, 
the exact value depending on tlie type of 
mercury barometer. It is not of much 
* importance in practical barometry. Tn general, 
neither the scale nor the mercury is at its 
own standard temperature. The indications 
of tho mercury barometer, therefore^ need 
correction for departures from standard 
conditions. The basis and procedure of 
application of these corrections is considered 
in § (Of. 

Tho case of an aneroid barometer is rather 
different. This instrument lends itself to the ; 
direct* indication of pressures in absolute* 

. pressuro units. The aneroid, however, can | 
only bo calibrated by reference do a barometer * 

1 At the 15th Conference 06n6rale des Potds et 
Mesuros, held In 1013, it was decided to retain this 
Value, although the most recent work had resulted 
' in tho value 080-021. This decision has an important 
bearing oil the question of accurate determination 
6t pressures* in absolute units. It will be referred 
to, again in connection with tho correction of mercury 
barometer readings to standard gravity (s$e § (0), (il.)). 
i * From here onwards standard mercury will bo 
referred to as " mercury.” 


?>f another type, such as tho'•mercurial instru¬ 
ment. Consequently, it has been customary, 
for the sake (4 uniformity, to graduate the 
scales of pressure-reading aneroids in terms of 
tho units used for mercury barometers. Thus 
tte see aneroid dials graduated in “ inches ” 
or “millimetres,” meaning inches or 4 milli¬ 
metres of standard mercury. 

There is a third unit, an absolute unit of 
pressure, frequently employed nowadays in 
the graduation of scales of both mercury 
and aneroid barometers, particularly meteoro¬ 
logical barometers. This is the “ bar.” It 
belongs to the C.G.S. system of units, and is 
defined a® the pressure of one 3 million dynes 
per sq. cm. 

Til magnitude it is somewhat smaller than the 
average atmospheric pressure at sea-level. To give 
a closer conception of the size of this unit the relation 
between it and the inch and millimetre of 44 mercury ” 
is given Mow: It dofKMids on the weight of unit 
column of standard mercury, and in this connection 
the following numerical values have been adopted 
in England : 

Density of mercury 1 ... 

at 0® O / — 13-5055 grammes per cub. cm. 

Value of “standard” 
gravity, i.e. at 
fflean sea level in 
latitude 45° 



With these values it follows that the weight of a 
cubic cm^of mercury under standard conditions of 
temperature and gravity is : 


13-5055 x 080-017 = 13332-0 dynes. 

•j 

Accordingly the following numerical relations have 
been accepted: 


1 millimetre of f = 1333-20 dynes per sq. cm. 
“ mercury ” \ — I -33320 millibars. 


1 inch of “mercury 


J' 


= 25-4 mm. to within 1 part 
iu 1 million) 

— 33803-2 dynes per sq. cm. 

— 33 8032 millibars. 


Inyprscly I millibar 


i 

i 


—0-750070 mm. of “ mercury ” 
=0-0295300 in. of 44 mercury.” 


If a mercury barometer scale is graduated in 
millibars its scale diviflons will be very nearly equal 
to J ram. 

The adoption of thp absolute unit for use 
in practical atmospheric barometry has been 
a matter for some discussion. It is of practical 


* This definition is not entirely universal, as in 
some spheres of work the “ bar ” has been under¬ 
stood to be the pressure of 1 dyne per sq. cm. 

4 Tills value was arrived at before the 15th 
International Conference made its decision in 1013 
to retain the old vahic®980-6ftf> cm./(scc.) s of standard 
gravity, it. has not been thought fit. to alter this 
value for the present, ff at any future time a change 
should be made, the whole of the data should come 
under review, including the value of the density of 
mercury, which appears to have been ta^en too high 
by a few units in the fourth decimal. 
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and scientific importance in meteorological 
work that Aguiar Headings of (lie atmospheric 
pressure should be charted, jiot only over 
large areas, but over a considerable range of 
altitude. Excellent progress in this work has 
been mado during the last two decades, ant. 
much has been dono through international 
co-operation. One of the principal reasons 
for tho introduction of the millibar unit into 
the daily weather service of this country is 
that its use is a step towards, the general 
adoption of an international system of units 
which would do away with difficulties which 
have arisen in the past in correlating the 
“ inches of mercury ” read bv English-speaking 
countries with tho “ millimetres of mercury ” 
found in other countries. The substitution 
for the English unit of the existing metric 
unit (nun. of mercury) was found not to solve 
all the difficulties, and in the study of the 
upper air tho millibar has been used by the 
London Meteorological Office since 1907. 

From January 1914 onwards, weather charts 
in millibars have been regularly published both 
by the London Meteorological Office and the 
United States Weather Bureau. 


The majority of the barometers used officially ill 
the weather service of tills country are now graduated 
in inches and millibars. This applies to the moron"ial 
and aneroid instruments. The work of graduating 
existing mercury barometers in millibars is largely 
a matter of time, and has been in progress siWce 
1914. The general policy has been to preserve the 
existing inch scales, at least temporarily, and to 
add a millibar scale to each instrument. 


►Some doubt was raised, in the fk.st instance, as to 
the propriety of using the absolute unit for.a mercury 
barometer, since the primary function of this instru¬ 
ment is to measure lengtlis rather than pressures. 
Tho objection was also raised that the nominal milli¬ 
bars of the instrument would only become true milli¬ 
bars by the application of a serial of correction*. * 

Under the then existing unit, fhe inch barometer 
read truo inches at one temperature only, and 
required corrections at other temperatures for 
thermal expansion. The millibar unit introduces 
gravity as well as temperature into the basis of 
graduation of tho barometer scale, but as the cflbel 
of change of gravity on the indications of the mercury 
barometer at a given pressure is small compared 
wilh the thermal effect, it Is clear that for any 
given value of gravity— i.e. for a given location of 
the instrument—there is some temperature at which 
the barometer reads true millibars. 

This temperature is called the fiduciitl temperature. 
With this as basis the true pressure is measured by 
applying a single correction for the departure of the 
current temperature of the instrument from its 
fiduoial temperature. This principle is in operation 
to-day in this country, in the absolute determination 
of atmospheric pressures in nyllibars for the daily 
weather service. 


C 


(ii.) The Standard Atmosphere .—While the 
use of the millibar unit may be regarded as 
well established among meteorologists gener- 
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ally, the point of view' of the pure phydcSrt 
favours the retention of the “ millimetre^ 
together with the “ standard atmosphere 
to which so many reductions are mado ijj 
gas-pressure work. The standard or norjpiL 
attfiospheric pressure is defined as the pressor*; 
/.luo to the weight of 760 mm. of mercury^ 4 ^ 
0 ° C. and at sea-Icvel in latitude 45 ° (£.«£ 
1013-23 millibars). 

«The meteorologist is inclined to regard lays 
standard atihosphoric pressure as ■ 

1000 millibars, i.e. 1 megadyno per s^-, 
cm., which is equivalent to 750 076 mm. of 1 
“ mercury.” -'V 

There are occasions, however, on which lie* 
has to make reference to tho physicist’*; 
standard. ‘ ; 

(iii.) Other Units .—Apart from the inch, the 
millimetre, and the millibar, other units are:, 
rarely used in pure barometric work. The 
engineer’s unit, the pound 
per sq. in., is occasionally 
used for the aneroid baro¬ 
meter described in this 
article. It belongs rather 
to the pressure - gauge, 
which is discussed elsta- 
'• where . 1 

Closely allied to baro¬ 
metric work is the 
measurement of heights 
in aviation and in sur¬ 
veying. For such pur¬ 
poses aneroid barometers 
are made with height 
scales. Mercury baro¬ 
meters would rarely have 
a height scale unless used 
as a .standard to calibrate 
such aneroids. 



The basis of graduation 
of height scales is referred 
to wader Vi., §§ ( 1 G), (17). 


III. The Mercury 
Barometer 

o 

§ (3) Types anl> De¬ 
tails of Construction. 

— (For barometers of 
specially high precision 
>iee § (9)). 

(i.) The Fortin Type 
Barometer. — A general 
view of a modem Fortin 
barometer is given in 

• Fig. 4.—Fortin Typjf^ 

Tho distinctive feature Barometer. ^ 
of this type of instru- 
ment is the arrangement designed Ary Fortifl 
for controlling the level of tho mercury io 
the cistern *80 as to avoid moving tho scal^ 

1 See “Treasure, Measurement of," Vol. T - 
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measures the height of flie barometric 
^Column. Incidentally the design permits the 
1/inorcury to fill the tube and cistern of the 
, . instrument if desired, thus making the 
/. barometer easily portable. 

Aa) Cistern of Instrument .—A typical ifortin 


Fig. 5, both externally 
and internally. 

A f^xiblo bagi B, 
made«of suitable soft 
leather, tied securely 
to a boxwood frame 
F, forms the base of' 
the mercury container 
in the cistern. Im¬ 
mediately below the 
centre of tho bag is 
\n adjusting screw S, 
which is used to raise 
the centro of the bag, 
and so raiso the mer¬ 
cury to any desired 
level in tho cistern. 
The upper end of the 
screw is pivoted so as 
not to twist the bag. 
Direct attachment bf 
the screw adjuster to 



Typo Barometer. 


the bag is not essential, as tho weight of tho 
mercury keeps tho bag in contact with the end 
, of the adjuster and maintains it extended as 
far as tho adjustor permits. 

Some makers, however, do not roly on this, 
but provide a free joint between the bag and 
the upper end of the adjuster, together wjth a 
stop for preventing the adjuster from being 
lowered excessively. A glass cylinder 0 
exposes to view the surface of mercurjj in the 
cistern, and also the pointer P securely fixed 
to the roof of the cistern. The end of this 
pointer serves as the zero of the scale of the 
instrument, and it is to this point tllat the 
level of tho mercury must be brought on 
, each occasion of Heading tho barometric height. 

It is sometimes called the fiducial print, being 
/%> reference or starting-point relied upon in 
measuring tho barometric column. Tho lower 
f part of the glass barometer tube is also shown. 
A j%inl is made between it and the neck of the 
oistern at J. This lftay be done by cement, 
. but not nocessarily so, as thr? cistern need only 
be* mercury-tight, not air-tight. The lower 
end of the tube, technically called the tail¬ 
piece, T, consists of a short length of semi- 
capillary tubing of approximate bore, 1 to 2 
' millimetres, so as to diminish the chance of air 
finding its way up tho tube. The tail-piece 
is fused to tho main barometer tube, which, in 
the c;*o of a Fortin typo barometor, is usually 
'in one piece of uniform bore. 

!. The construction of the remainder of tho 
cistern can be seen from the diagram, and is 


generally of brass, but reference should be 
made to the means provided for ensuring a 
complete an I quick communication of the 
external atmosphere with the interior of tho 
cistern. 

Tho upper and lower ends of the glass 
cylinder C rest against leather washers, but 
the upper of theso is not relied upon to 
communicate with, the external atmosphere. 
This is done by making a porous joint at the 
neck of the cistern, which is mercury-tight 
but not ^ir-tight. One maker, at least, relics 
on a kind of boxwood-of such porosity that 
there is no undue lag in equalising the air 
pressurt outside and inside the cistern. 
Other kinds of joints are also in use. An 
alternative arrangement is to make the cistern 
air-tight, but to insert in its roof a small 
threaded cock or nipple which can ho opened 
or closed to the outside air. This plan is, in 
general, not altogether desirable. 

(b) Glass Barometer Tube .—The barometer 
tube, necessarily closed at the upper end, 
which is usually about 33 inches above the 
fiducial point, is in this country usually" mado 
of lead glass. It is held vertically at the joint 
with the neck of the cistern, but other supports 
or guides are provided between it and its 
fnetal sheath, which is of brass, usually of 
tubular form, also fixed to the neck of the 
cistern, and terminating at the upper end in a 
^•iq# from which the whole instrument is 
suspetded. This sheath is suitably slotted 
in order to admit of viewing the summit of > 
the mercury column in the glass tube. 

yho general manner of preparation of a 
glass barometer tube is indicated under 
§ (4). 

The bore of the tube depends on the accuracy 
expected of the barometer, and may vary 
from l in. to & in. The most suitable size is 
between 0-4 ig. and 05 in. 

(c) Barometer Scale .—It is a convenience 

to engrave the barometric scale on the metal 
sheath. This is almost universally done, 
% and incidentally brings the scale as near as 
practicable to the mercury column measured. 
The scale is silvered, and the graduation lines 
blackened for clearness. » 

Barometers usually have one or two sea lea 
according to requirements as to the units in - 
which pressures art) to bo expressed. When 
the scales‘are two in number, they are set one j 
on either side of the slot in the sheath through 
which the top of the mercurial column is", 
viewed, but tho design of the instrument 
. would admit of tho addition of a scale in 
some other unit of pressure, if desired. 

The length of graduated scale depends on 
tho station at which the barometer is to be 
used. At sea - level the maximum range of 
variation in atmospheric pressure is 31*1 to * 
27-3 inches of mercury. Consequently for use 




144 


barometers and manometers 


at stations near sea-lovel a nominal working 
range of about 31 to 27 inches (790 to U90 
mm., or 1050 to 920 millibars)' is sufficient. 
The scale, however, must be subdivided above 
the upper limit to a distance dependent on the 
length of the vernier used in reading fractions 
of a scale division. 

If the barometer is to be used in a mine, the 
upper limit; must be increased, following the 
increase of atmospheric pressure with the 
depth of the mine. 

flic lower limit of the scale is governed by 
the maximum altitude at which the instru¬ 
ment is to be used. Fort-in type barometers 
are rarely made to read lower than 20-Inches, 
unless made specifically for use in mountaineer¬ 
ing and high - altitude surveying. In such 
oases the instruments are of special dimensions, 
and are considered as mountain barometers 
under the sub-heading “ Modifications of 
Fortin Type Instruments” (§ (3), (ii.)). 

01) The Indicator used to read the Top of 
the Mercury Column in Terms of the Barometer 
Scale..— Tile vernier still remains the usual 
medium for indicating fractions of a scale 
subdivision in obtaining the atmospheric 
pressure by means of tile mercury barometer. 
(See suggested modifications in § (5), (i.)). 

The vernier plate V (Fig. 4) is a good sliding 
fit in the slot. S in the metal sheath of the 
barometer. It. is attached rigidly to a -short 
length of metal tubing, which is a good sliding 11 
fit inside the metal sheath. The lowch rim 
of this short slide, which may now be called 
tiic setting slide, is the means of determining 
tile line of sight of an observer ifi reading the 
level of the top of the mercury column. Its 
motion is operated by a rack and pinion, 
actuated by a milled head placed conveniently 
at tile side of the barometer. The slide is 
regarded as “ set ” when the plane through t-htf 
lower rim of the setting slide appears just to 
touch the summit of the meniscus of the 
mercury column, judged by the observer 
looking through the glass tube against a white 
background. Unless the illumination of this 
background by daylight, is good, additional' 
means should be provided, giving a diffuse 
but hot a brilliant illumination of the back¬ 
ground. 

• 'The vernier usually has its zero at approxi¬ 
mately the same level as the line of sight in 
setting, and the reading in terms of 1 the baro¬ 
meter scale can easily bo taken, using the 
vernier to indicate fractions of a subdivision. 

Tho manner of graduating and interpreting 
a vernier has been set out at some length 1 in 
publications both of the London Meteorological 


1 1 he Ohxerrer s Handbook, j,iiMldi.-<l by HM 
Stationery Office, Ixindon ; Ttk Murine Obureer’i 
Handbook, published by H.M. stationery Office. 
London ; Barometers and the. Measurement of Atmo- 
P'lbhshef- by the Oovcrnment 
I Tinting Office, Washington. 


Office and of tho United States Weather 
Bureau, and will not lie described here. 

It is sufficient to say that, usually, the 
vernier of n Fortin type barometer is graduated 
to read 0-002 inch (0-05 mm., or 0-1 millibar) 
directly according to the unit used ; that is, 
one subdivision of tho vernier corresponds to 
0*002 inch. 

In the highest glade instrument tho vernier 
may read to 0-001 inch directly, while in some 
oases, rnoro frequently in other types of 
mercury barometer, the graduation- of the 
vernier to yield only 0-005 or 0-01 inch is 
regarded as sufficient. 

(e) Attached Thermometer.—In all but excep¬ 
tional eases, a incroury-in-glass thermometer 
is a necessary adjunct to the mercury baro¬ 
meter owing to the relatively high thermal 
expansibility of the mercury in the barometric 
column. 

The position of the thermometer is a mutter of 
fibnie importance, ns it is desirable, that, tin- thermo¬ 
meter should register ns nearly us possible lhe mean 
temperature of tile mercury column, yet it is not by 
nny means certain that tile barometer nil! la* used 
in surroundings free from considerable vertical and 
horizontal gradients of temperature. Accordingly, 
tile best plan, in general, is. to mount tin- thermometer 
with its bulb as near die centre of the barometric 
column as practicable. This is customary, tile 
thermometer being mounted in a frame attached to 
die metal barometer sheath. Under favourable 
conditions of location of the instrument, this practice 
may be regarded as sufficiently satisfactory. 

Sometimes flic bulb of flic thermometer is im¬ 
mersed in a tube of mercury of similar diameter to 
that 4 the barometer tube in order that tile lag of 
tiic thermometer should lie, ns nearly as possible, 
oqual to the thermal jag of the barometric column, 
though Allis practice can lie recommended in oases 
in which tlurharometor js set up in a room where the 
temperature is very steady, its object may lie defeated 
by the unsuspected presence of a horizontal gradient 
of temperature between tho thermometer and 
barometer. 

It is not advisable to mount the thermometer 
in or near the cistern of the barometer. 

(f) Procedure in settkig up and reading ^ 
Fortin Barometer. —Tho instrument is hero 
assumed to bo in good order. (See § (7) for 
the consideration of instrumental defects.) ° 

A Fortin type barometer should not be free 
to swing when read. This would hinder the 
setting of the mercury to the fiducial point 
owing to oscillation of tho mercury. Tho * 
instrument, suspended by its ring, should bo 
clamped at the base of its cistern in a vertical- 
position. 

In the case of barometers from which an 
accuracy of 0 002 inch, or better, is expected, 
care should be taken that the axis is v*%*tical. 
•Sinco the pointer does not lie in the vertical 
axis of the iflstrument,^ its vortical distance 
below, say, tho 30-inch graduation line of the 
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.. , f scale will vary somewhat, the variation de- 
- •.;: pending upon the ‘exactness with which the 
' 'Vertical ity of the barometer can be reproduced. 

: The error consequently involved is not merely 
the familiar “ cosine ” error depending on 
the angle of tilt of the instrument, but includes 
an expression which increases with the distance 
; of tho pointer from the vertical axis of tlfe 
barometer. In general, when the barometer 
is suspended by its ring from a peg, it does 
^ not hang in exactly the same '#uy each tifnef 
^it is sus|)ended, nor does it refhm to exactly 
the same position after being swung or dis¬ 
placed slightly. The amount of error possible 
in tho barometer reading due to this cause 
is about 0-001 to 0-002 inch. It is dis¬ 
cussed in § (7). Whenever this error is 
/ of consequence, the barometer should be set 
up so as to rotate strictly about a vertical 
axis. This condition is secured if the pointer, 
‘when‘just in contact with the mercury in the 
cistern, remains so however the barometer is 
rotated. Each instrument is usually provided 
with a nftans (e.g. a ring and three radial j 
screws) for clamping the cistern at the pre¬ 
determined vertical position. Only in cases 
; where the error dug to indefinite vertieality 
of tho barorfieter is known to be small 4 
compared with the accuracy expected of the 
^Instrument, should the above convention in 
setting up a Fortin barometer be ignored. 

In order to determine the barometric height 
t . from a Fortin barometer, the mercury in the 
cistern should be raised, by means of the 
screw provided, so that it just touches the 
end of the pointer. The observation of exact 
# contact of the point and its image by reflection 
at the mercury surface is usually a sufficient 
criterion of. a good setting jf the mercury is 
clean, and is normally well judged through a 
reading lens. 9 • 

A very small amount *>f “ overlap ” 1 in 
raising the mercury surface car* easily be 
.discerned by watching the dimple caused by 
the end of tho-pointer dipping in the mercury. 

The setting slide fit tire top of the barometric 
column is then brought into position as before 
indicated, and the scab* and vornier read. 

It is advisable to read the attached thermo¬ 
meter just before making the barometer- 
setting in order to minimise errors due to 
heat from the observer^ body. 

In order to obtain the highest accuracy and 
consistency from the instrument, it is advisable, 
in all but the largest size barometers, to taj® 
tho metal sheath in order to obtain, as far as 
possible, a consistent shape of tiro mercury 
meniscus. 

(Errors dependent on the shape of the 
meniseua are discussed under § (7), (ii.).) 

(ii.) Modification* of the Fortin Type Baro¬ 
meter. — (a) The mountain barometer, as made 
1 Of the order 0-0002 inch In the average barometer. 

VOL. Ill 


, in this country, is usually of the Fortin type, 
but with tube and cistern of considerably 
diminished diameter. In general, the bore of 
the tube lies* between 0-20 and 0-25 inch. 
Sometimes it is less, plough this is not to bo 
^recommended, as there is likely to be consider¬ 
able loss of accuracy in the instrument. 
The practice, with somo manufacturers, of 
reducing the bore of the tube excessively 
without reducing the* nominal precision with 
which the vernier reads is misleading. 

In practice, a mountain barometer is fitted 
with gimlyils 'on which it is suspended verti¬ 
cally from a tripod stand. This method oi 
suspension is satisfactory in the circumstances 
under wflich the instrument is used. 

Tho average weight of a mountain barometer, 
excluding tripod, is about 2 lbs. 

The scales of mountain barometers are 
usually graduated down to 18, or even down to 
15 inches. There is rarely occasion to use 
them below this pressure, which corresponds 
to an approximate altitude of 20,000 feet. 

Owing to the length of the graduated scale, 
two verniers are often provided, one each 
for the upper and lower half. This is practi¬ 
cally a necessity if the •“ rack and pinion ” 
method of operating the vernier is adhered to. 

Some makers dispense with this and fit a 
single setting slide and vernier designed for a 
sliding coarse motion and a screw slow motion. 
«It is noteworthy that the leather bag in the 
cistcAi of a mountain barometer is required to 
withstand a considerable load at high altitudes, sav 
at 20,000 feet, when the instrument is being made 
portable in the ordinary way by raising the bottom 
of tjje bag until the mercury completely fills tho 
cistern and the tube. The pressure on the hag is 
proportional to the distance from the top of the tube 
to the top of the barometric column when in atmo¬ 
spheric equilibrium. 

ib) As an alternative to the use of a leather bag for 
varying tile level ?>f the mercury in the cistern, a 
piston may he enfjiloyed, aetuuted by a milled-head 
screw at the base of the cistern. 

There are not many such instillments in Huh 
country. 

*(iii-) The Movable Scale Barometer. — [n 
principle, this instrument differs from the 
l’ortin type in that the zero of its scale,/e. 
the fiducial pointer, is adjusted to the level 
of the mercury in tile cistern instead of 
rice verm. t 

Two designs of this type may he noted : 

(a) The Newman pattern, 

(b) The Observatory barometer. 

The latter is a large pedestal barometer, of 
massive design, and cannot he classed as a 
portable barometej. 

In the Newman instrument the cistern is 
divided into an upper and a lower compart¬ 
ment, witii an intercommunication port which 
can be opened or close* at will. In order to 



"■ ’■'-' * ^." ' "'-■ . ‘ 7T,*. ‘ ’ '. ' ” j.' 

‘make the barometer portable it is oarefhlly, 
inverted, and the port hole closed. 

' - An instrument of this pattern was in regular 
use at Kew Observatory as a working standard 
for the verification of barometers before this 
work wits transferred to Teddington. , 

(iv.) The Kew Pattern Barometer .—The 
Fortin and other buroinoters just described all 
depend on a double setting in giving the 
atmospheric pressure, i.e. it is necessary to 
make a setting on both the base and the 
summit of the barometric column. 

This procedure can l>e shortened .by the use 
of a Kew pattern barometer which yields^ 
direct indications by means of a single setting 
on the summit of the column. 

If the oistern and the glass tube of the 
barometer are cylindrical, the change in the 
level of the mercury in the cistern correspond¬ 
ing to a given prossure change is a definite 
fraction of the change of level of the summit 
of the mercury column, ancl the value of this 
fraction depends only on the dimensions of 
the instrument, it being assumed at this 
stage that the temperature is constant. 

It will readily be seen that the movement 
of the mercury in the tube is always smaller 
than that which would bo obtained if the 
mercury in the cistern were brought to a 
fiducial point. Accordingly the scale of the 
instrument is contracted in order to make its 
readings comparable with those of a Fortin 
type barometer. The amount of contraction 
is not large. In practice, a nominal°inch of 
scale on a Kew pattern barometer rarely 
measures less than 0-95 true in^h. 

The majority of barometers made, for 
meteorological use have their cistern of 
internal diameter about five times that of the 
tube, corresponding to a 
scale-contraction-value of 
0-96 approximately. r 
Greaterc and more per¬ 
manent accuracy can bo 
obtained by increasing 
this ratio (see § (7)). In 
this way a Kew pattern 
T barometer may be made 
to yield almost as great 
an accuracy as that of a 
Fortin type barometer 
having the same bore of 
tube) 

A typical small size 
cistern belonging to a 
Kew pattern meteoro¬ 
logical barometer is shown 
in Fig. 6. It is of iron 
throughout, and has an 
internal flange, 1 which not only diminishes the 
amount of mercury required, but also damps 
the oscillation of the mercury in the cistern 
4 l This flange is not essential. 


when the barometer is ^ in the 

position during transport. * ‘U''i 

The end of the tail-piece of the glass tube la., 
situated as nearly as possible at the centre* 
of the cistern so that it shall be efficiently - 
scafed by the mercury in all positions of thd’’ 
instrument, whether erect, horizontal, or' 
inverted. 

Kew barometers, unless of exceptional size 
or design, arc usually made portable by'care- : 
•fir’lly tilting them 2 until the mercury fill#' 
the tube. Tfibv may then tie carried either< 
horizontally or cistern upward. * 

The meant, of atmospheric communicati6n ; 
between the interior and exterior of the 
cistern are similar to those adoptod arid- 
described for the Fortin type barometer. 

The Kew instrument is sometimes referred, 
to as the “ fixed cistern barometer.” It is; 
now generally understood that the term' 
“ Kew pattern ” refers to those barometers 
which have a uniform, contracted scale to 
compensate for the lack of adjustment mad& 
to the mercury level in the cistern'by moans 
of a fiducial point. 

Technically this compensation is callod 
“ Compensation for Capacity.” 

. (v.) The Kew Pattern Marine Barometer. —The 
Kew pattern marine barometer was developed, 
as its name indicates, at Kew Observatory, 
in the middle of the nineteenth century, in 
devising a barometer suitable for use under 
conditions at sea. 

As the oscillation of the mercury was a , 
serious obstacle to the taking of readings 
aboard ship, the glass barometer tube was 
constricted so as to oppose the flow of mercury 
through it. The amount of constriction was 
arranged to compromise between the error due 
to oscillation, or “ pumping ” as it is tcchni* J 
cally called)’and thp error duo to the lag of the 
mercury column in, following the variations of> 
atmospheric pressure. 

Tlfe present form of marine barometer tube-' 
is shown in Fig. 7. It consists of four parte / 
fused together. The cylinder C, through which 
the top of the barometric column is viewed, ! 
is of lead glass carefully selected for uniformity. ■ 
of bore. The constriction S here illustrated ; 
is a length of capillary tubing of uniform bore, 
generally 01 mm to 0-4 mm. according*!*) it*'/, 
length. • ( ^ 

In some makers’ instruments this tube 
replaced by a piece of semi - capillary ttibirig ^ 
pi approximate bore 2 or 3 mm. This in 
itself has negligible lagging effect, but the < 
constriction*is supplied by draw ing it out ftrie/C 
locally. The former alternative is to 

3 In the case of a marine barometer the mercury '! 
takes a minute or so to fill the tube owing to.ritij'* 
imiwded flow through the constricted posRion of 11^’$ 
tube. The instrument should not be set in toe / 
horizontal position until the tube is complete#'™.' 
filled. . 
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-^.grrecT, aa it is not so likely to lead to 
. ,poking of the tube as tho latter, which is a 
fo&rrower constriction. 

. ^VThc air-trap, which is funnel - shaped, is 
•'^sqrtcd so as to collect at A any air that may 
rise into the barometer tufio, 
from the cistern, and to pre-* 
vent it from reaching the 
upper end or vacuum space 
* of the barometer tube. 4 
is of course essential to place 
this trap below the constric¬ 
tion. Usually a single trap 
is employed, though a double 
one may apj>ear necessary in 
some cases, judging from the 
amount of air that sometimes 
finds its way to the top of 
tho tube. 

The tail-piece T should be 
externally cylindrical, since 
the movement of the mercury 
. level, both in tube and cistern, 
is expected to be proportional 
to the pressure-change. Uni¬ 
formity of tail-piece, however, 
is of •secondary importance 
compared with that of the 
cylinder C. 

Note on Nomenclature .—Mercury 
barometers designed for use on 
land may for convenience bo classi¬ 
fied under tho general heading 
“ Station barometers,” these in¬ 
struments Iwing most frequently 
used ut a fixed Htation. Fortin 
type barometers belong essentially 
FI to tin's class. 

[J Apart from tfic constriction of 

the tube, the Kew marine flaro- 
FIG. 7. meter is siiqjlar to * the Kew 

’ station barometer. As the 

iparine type is not entirely suitable for qpe on land, 

, tfce distinction between the two should be eareffilly 
■ dr4wn. • The station barometer is of course useless 
as .a marine barometer. • 

vlft order to economise mercury, the station*haro- 
_ meter tube is rarely made of gniform bore throughout 
lerl^th. The lower parts of the tube, though 
^harrowed considerably internally, should not be such 
as to ing)edc the flow of the mercury, or render the 
:.'bftttwfletric column sluggish in taking up equilibrium 
.^Witli the atmospheric pressure. 

y ■ • 

Gauge Barovieter.—This instrument 
tbfty bo regarded as a barometer with a wider 
jjpJicre of use than that of any type previously 
f#!^|bed, though differing only in detail 
understood to mean a barometer which 
oah be put in connection with any artificial 
gafc pressure, and in this article it is considered 
_ftfl Covering, the ordinary atmospheric pressure 
>dnge associated with the other barometers 
ascribed. # 

o, Th© Fortin and Kew meteorological baro- 


Aeters arc arranged to measure natural 
atmospheric pressures only. The gauge baro¬ 
meter measures artificial pressures in addition. 
It may be of tho cistern type, or of siphon 
pattern. In tho former case the cistern is 
Aade air-tight, and fitted with a cock or 
nipple for connection with the pressure to be 
measured. 

If high accuracy is.required— c.y. fur the 
determination of some physical constants, or 
for other special work—the diameter of the 
barometer tube would necessarily be large, 
say from 0-ti to 1 in., and tho mercury levels 
itould be read by suitable accurate micro¬ 
meters, which might be either optical or 
mechanical indicators. 

For work of good but lower accuracy than 
tho above, the usual vernier indicators or 
vernier setting - slides are sufficient. In this 
case it is customary to select a Kew pattern 
burometer gauge, since it measures pressures 
by a single Setting only. A gauge of this 
description at the National Physical Labora¬ 
tory, Teddington, lias been found most service¬ 
able in testing aneroid barometers. Its special 
feature is a large cistern of internal diameter 
6 in., which serves to minimise errors due to 
* variation in shape of the mercury meniscus 
in the cistern (see § (7), (ii.)). 

litis instrument, which has a tube of l in. 
bore, is graduated from .'12 ihches downwards 
wit* a long range scale, and can be relied upon 
to yield ^precision of +0-002 in. throughout 
its range. It is a matter of interest to record 
that, during its five years’ frequent use at the 
laboratory, no permanent change exceeding 
0-001 fti. has been detected in its performitnce. 

As an alternative to the Kew type of gauge 
barometer, the siphon typo may lie used. A 
|-in. tube siphon gauge barometer, read by 
verniers, would jive rather less accuracy 
than the instruyient just referred to. It 
would be more troublesome to keep in good 
condition as tho mercury in the, open limb 
of the gauge often becomes foul in the course 
of a few months, and leaves a deposit on the 
glass tube. . 

As an advantage, the siphon type admits 
of being calibrated from first principles by 
measuring up the barometric column with a 
cathetometer. The Kew type instrument 
does not admit of this. * 

(vii.) Other• Types of Mercury Barometer. 

(a) Not Self-recording .—The Fortin and Kew 
types of mercury barometer are widely used 
for accurate meteorological work. Other 
types, such as the siphon or U-tube barometer, 
Hovvson’s barometer, the Sympiesometer, etc., 
will not 1)0 consider'd in detail here. Refer¬ 
ence may be made It* meteorological publica¬ 
tions for a general account of these and other 
mereiuial barometers. 

Tho siphon baromoter, though not possessing 
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/the practical advantages of a Fortin or a Ke\tf 
barometer, is of importance since it is used 
in a somewhat modified and* more elaborate 
form as a high precision fundamental standard 
barometer, i.e. as an instrument designed to 
admit of accurate determination of pressui^ 
from first principles (see § 9)). 

(6) The Self-recording Mercury Barometer .— 
Self-recording mercury barometers w are not 
easily made portable, and their sphere of 
usefulness is in general limited to observa¬ 
tories and similar institutions. . 

When a barometer is made self-recording 
it is usually at the expense of accuracy. 
Moreover, mercury barographs are< not often 
compensated against changes of temperature. 
There are, however, several instruments of 
widely different design which can be said to 
attain fair accuracy. One instrument at Kew 
is arranged so that the summit of the baro¬ 
metric column is directly photographed. 
Another is based on the principle of a float 
resting upon the mercury in the open limb of 
a siphon barometer, and actuating, by means 
of a lever, a pen which produces a record on 
a suitable clock-driven drum. 

Usually in this type of instrument the accuracy 
is limited by the friction of the pen and magnifying 
lovers, and as an alternative, electromagnetic dev'eos, 
actuated by the float, have l>oen introduced to perform 
the real labour of moving the pen. 

Another class of self-recording barometer has Loen 
designed on the principle of automatically weighing 
the barometric tube from the beam of a balance. 

An excellent account of several seF-recording 
mercury barometers is given by«‘Jic United States 
Weather Bureau. 1 Special reference may b made 
there to the detailed description of the Marvin 
compensated barograph. 

The tube of this instrument is made in three 
parts, viz. the U-bond, together with the two limbs, 
whose lower ends are tapered and ground so as to tit 
into the U -piece. The purpose of this is to facilitate 
filling the siphon, and to enable the open limb to lx* 
removed at intervals when the surface of the 
mercury needs cleaning. 

Attention has also been given in this instrument 
to the question of compensating the barometer for 
changes in its temperature. The difficulties of so 
compensating the readings of a mercury barograph 
can best l>c overcome in the syphon barometer by 
suitably adjusting the volume of mercury in the 
instrument, so that the upward motion of tho float 
due to the thermal expansion of the mercury balances 
the downward motion due to the expansion of the 
^lass tube. 

The Microbarograph. — Reference may at 
this stage be made to an instrument which 
works on an entirely different principle 
from the ordinary barograph (whether mer¬ 
curial or aneroid). It was designed by Shaw 

1 See Circular F of the Instrument. Division, 
entitled Barometers and the Measurement of Atmo¬ 
spheric Pressure, published by the Government 
Printing Office, Washington. 


and Dines, and records small fluctuations’ 6f 
the atmospheric pressure to which ordinary 
aneroid, and even mercury, barographs are 
insensitive. This instrument is referred to 
elsewhere under the heading of “ Meteoro¬ 
logical Instruments.” 

. § (4) The Preparation, Adjustment, and 
Testing of Mercury Barometers, (i.) 
Preparation of Tubes. —The general design of 
tfhe more usual types of mercury barometer 
has already “been indicated in § (3). 

A brief reference should bo made, at thi^ 
stage, to the preparation of the glass barometer 
tube. 

Good quality lead glass is generally used for 
barometer tubes by instrument makers in 
this country. Soda-glass is not used ; it has 
been found to exude soda in course of time. 
The selected tube should bo of reasonably 
uniform bore and circular section. Tho 
narrower the tube the greater the precautions 
taken in its selection, particularly for Kew 
pattern barometers, where uniformity of bore 
to within small limits is necessary in order 
to secure an equi-spaeed scale. 

The tube having been selected, two con¬ 
ditions may be regarded as essential to the 
• success of the barometer : 

(a) Cleanness and dryness of the mercury 

and tube. 

(b) A good vacuum above the barometric 

column in the tube. 

With regard to {a), cleanness is imperative, 
since the indications of the barometer are 
dependent upon a reasonable constancy of 
the capillary depression of the mercury 
column due to the action of the surface 
tension at the mercury meniscus in the tube 

(H ; M »$. 

Mercury admit;? of preparation in a highly 
purified state, without great difficulty, owing 
to the relative ease with which it can be 
distilled. 

Great care should bo taken with the cleaning and 
drying of the tube. In the ease of old barometers 
whieh require overhauling it is often considered wise 
not to attempt to cleatfand fill an old tube a second 
time. Kick of care ; n thoroughly drying the interior 
of tho barometer tube may easily lead to the failure of 
the barometer as a precision instrument. Tift vapour 
from a film of water ■ 1 ffVf.th cubic millimetre in 
volume, introduced into the vacuum space of the 
average barometer tube is sufficient to nyike tho 
instrument read low by an appreciable amount, 
which can bq detected in testing the barometer 
(§ (7), («.)). : 

Closely linked with the question of cleaning 
and drying the tube is the process of filling 
it with clean dry mercury, and the mothoc 
generally adopted is that of foiling the 
mercury in the tube. It is almost exclusively 
employed* in filling tubes of the usual sizes me 
in practical barometry. Large tubes ar= 
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frequently boiled, but these, when full of hot | 
merfciiry, are difficult to manipulate, and the 
; ri»k of accident is consequently considerable. 

When the tube has been well cleaned and 
dried prior to being filled, clean mercury is 
' introduced to a depth of a few inchos by suit¬ 
able moans, according to the nature of the 
tube to be filled, and afterwards heated. Air,* 
which is' inevitably moist to some extent, is 
readily trapped between the mercury and the 
walls of the tube. It can easily be detects 
by the appearance of the tubdj and can be 
expelled, together with its moisture content, 
by careful and persistent boiling. Composite 
tubes, such* as those of Kew pattern baro¬ 
meters, which consist of four or more parts 
fused together, require more attention, as 
moisture is liable to collect near the joints. 
x The number of stages required for the complete 
filling of the tube varies with the size and nature of 
the tulie. Sinoe the boiling of the first portion of 
mercury introduced into the tube results in the | 
expulsion of most of the air from the tube, and its 
rcplacement*by mercury vapour, it would appear 
that the tube could be practically tilled in one more 
stage by dipping its open end under some hot mercury 
in a reservoir. For the smaller tubes used in Kew 
barometers the process tilling does not necessitate 
a largo number of stages, big tubes of uniform bon% 
throughout, such as those used in the construction 
of the largest Fortin type barometers, would require 
to bo filled and boiled slowly in several stages. 

If the tube is clean and dry before the introduction 
of the mercury, the method of filling by boiling gives ; 
satisfactory results, with a good vacuum above the j 
ineroury column when the tube is finally set up. 

(ii.) Filling Large Barometer Tubes. — For 
primary standard barometers and othtrs 
which, apart from having large-size tubing, 
are of less simple design, th% method of filling 
by boiling is impracticable, and the tflbe is 
filled under vacuum instead Thuflncthod has 
now been found to give satisfaction, provided 
a good drying agent is used in conjunction 
with tho vacuum pump while the t\A>e is 
exhausted. Continuous heating is essential 
in order to removc‘the last traces of aij which 
cling to the wall of the tube. There are 
• several varieties of iftodem vacuum pump 
which can be used with satisfaction. 

(«i,) Pointing and Adjusting. — Before the 
scale of a barometer is ruled with the dividing 
engine, some test must be made in order to 
determine the location of a particular gradua- 
tion*line of tho scale. 

In a Fortin barometer, even if the scale <ff 
length is correctly ruled with* reference to a 
zero coinciding with the end of the fiducial 
pointer, it will be found, in general, that 
when tho top of tho barometric column is 
read against this scale, tho resulting indication 
is- not ‘correct within the requisite limits. 
This is due partly to what may he called an 
index error (really an error of* parallax in 


transferring from the mercury to tho scale), 
and partly to capillary errors consequent upon 
the action of the surface tension of the mercury 
both in the tube and reservoir. Those latter 
orrors will be discussed under § (7), (ii.). 

^ Clearly in the case of a Kew barometer it 
is more difficult, in the absence of a fiducial 
pointer, to graduate the scale from first 
principles. 

It is therefore the*usual practice in the 
trade to “ point ” the instrument prior to 
ruling its scale. In the case of mercury 
barometers^ this is generally done at current 
atmospheric pressures only, that is, in the 
neighbourhood of .‘10 in. (700 mm.). The 
“ pointing ” consists in marking off tho level 
of the mercury on the brass tube on which the 
scale is to be graduated, and observing the 
corresponding tine reading of tho atmo¬ 
spheric pressure by means of a previously 
standardised mercury barometer. 

The treatment of a Kew barometer involves, 
in addition, the determination of the contrac¬ 
tion value of the scale. This can be calculated, 
or found from tables, when the exact sizes 
of the tube and cistern are known ($ (7), (iv.)). 

In general, instrument makers graduate their no ales 
by setting their dividing engines to give the calculated 
or tabulated amount of scale contraction. Alterna- 
1 tivtsly, the barometer under preparation may be set 
up in a vacuum chandler and pointed oil under 
artificial pressures within the intended range of tho 
sc!ile. # This method is more tedious and does not 
give bet'trr accuracy unless precautions are taken to 
avoid errors such as those indicated in § (7), (ii.). 

In the ease of old barometers in which new tulvs 
have to be fitted, pointing is unnecessary since the 
scale*!* already ruled. 

The Kew barometer can bo easily and accurately 
I adjusted to read correctly at current atmospheric 
pressure by varying the quantity of mercury in the 
instrument. 

\)ther means, nnyo or less obvious, can be devised 
for adjusting a repaired Fortin barometer. In this 
ease the amount of adjustment should lie small if 
the instrument was correctly graduated when new. 

(iv.) Testing of Barometers. — Preliminary 
t«*sts on a barometer are, of course, necessary 
in the instrument-maker^ workshop : they 
are made concurrently with the adjustment 
of the instrument, with the object of scouting 
that the barometer shall be correct within 
certain prearranged limits before leaving 
the shop. * 

Whenever desired, an independent test ia 
made at the National Physical laboratory. 
Broadly speaking, the tests on all mercury 
barometers comprise : 

(1) A preliminary inspection of the baro¬ 

meter with a view to finding the more obvious 
errors of design* workmanship, and adjust¬ 
ment. * 

(2) A series of comparisons, at current 
atmospheric pressures, between eaoh “ test ” 
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barometer and one of the working standard 
barometers of the laboratory, which have been 
previously calibrated from first principles. 

(3) A series of comparison!.!, made at such 
artificial pressures as are required, between a 
“ test ” and a standard barometer in a vnemirp 
chamber. 

These comparisons are usually made by 
means of a cathetometer (except in the cose 
of gauge barometers), the method being to 
read the level of the summit of the mercury 
column of each barometer by telescope, the 
accuracy of the scale of each instrument 
being examined separately by cathetometer. 
It will be observed that in this test at artificial 
pressures, the barometer may not lie read in 
the same way as it is when in normal use, 
since the readings taken on it when in the 
vacuum chamber are not made with the 
vernier setting slide. 

Note. —Since barometers which are designed to 
read atmospheric pressures need not have an air-tight 
cistern, but only a mercury-tight one, the test at 
artificial pressures necessitates the enclosure of the 
whole barometer in a suitable receiver, and thereby 
increases the difficulty of reading it by its own 
vender (or other) attachment in the normal way. 

In short, the test at artificial pressures is a relative 
' comparison oidy, but of high accuracy. It is made 
absolute by combining the results with those of the 
teat at current atmospheric pressures, which of course 
are made by vernier. 

It is here assumed that the vernier setting slide 
has the same error of parallax between the mtreury 
column and scale for all positions along the scale; 
but this assumption is tested independently from 
time to time, and due allowance made when 
necessary. ( 

The broad method of test just outlined would 
vary in detail with the type of barometer. The Kew 
pattern barometer requires rather more care in test¬ 
ing, since its scale Ls contracted to an extent depending 
on the dimensions of the instrument. 

In testing the barometer unde?artificial pressures, 
therefore, it is necessary to sec Whether the run of 
the mercury in the tube corresponds to the amount 
of uniform contraction of the scale, and is uniform 
over the working range of pressure of the instrument. 

In general the procedure of (a) contracting t,ho 
scale to siut the dimensions of tube and cistern, or 
(h) sehs:ting the tube to suit the scale and cistern, 
i.r. t he compensation of the barometer for capacity of 
the tube and cistern, cannot be done without residual 
error. An allowance for this lack of compensation 
has, therefore, to be made, and a “ capacity correc¬ 
tion ” determined and applied as a res n't of the test. 

§ (f>) Methods of reading Mbrcuky 
^Barometers. —The methods of reading mer- 
jMrv Isiroineters may be divided into two 
roam classes according as the instrument is 
intended to yield ordinary or high precision. 

By ordinary precision is r meant a degree 
of accuracy lying between' 0*001 and 0*0l in. 
of mercury in the determination of pressure. 
Mercury barometers which do not reach this 


degree of accuracy, oven under favourable,, 
conditions, can hardly* be considered 
precision instruments. 

(i.) Ordinary Precision. —It is usual in ,th<J ! 
case of barometers of ordinary precision for/ 
tlu) summit of the mercury column to bei 
read by means of the familiar setting slides 
with vernier attachment, as described- in- 
§ (3), (i.), ( d ). 

In general, this form of indicator has gfrfenr: 
Satisfaction* though it has its limitations. * 
Even with & slide and vernier of the best,. 
workmanship there is a personal element' 
involved in performing the combined opera- 
! tion of “ setting ” to the top of the mercury: 

! column and reading the vorniej*. ." £ 

It is, of course, essential to have a good- 
though not excessivo illumination of the back-!' 
ground, but, given a consistent illumination, * 
it is found that trained observers may disagree, 
to the extent of 0*001 in. in their inter¬ 
pretations of the indications of a good baro¬ 
meter. Consistency of “setting” on - the' 
mercury meniscus depends on the* limitations 
of the human eyesight, and one observer may 
see some light transmitted between the' 
setting slide and the £op of the meniscus ‘ 
when another observer cannot. Further^ 

' there is not always unanimity in reading a 
vernier unless its graduation lines are sufS-. v 
eiently fine and accurately ruled. 4 

In addition to the personal element in thev 
use of this type of indicator, there is also 
small inconsistency in the error of parallax 
in transferring from the top of the mercury 
column to the scale. This is occasioned by 
imperfections either in the fit of the setting 
slide itself, or else in the tubular metal baro¬ 
meter sheath alpng which the slide runs. 
Teste' mado on this form of indicator show" 
that the irror o^ parallax, though usually ■ 
constant at a givpn point on the scale, ia 
liable to ^Rriations of the order 0*002 in, s 
alon£ the scale. Occasionally this estimated 
is exceeded, though there is very little excuse 
for excessive errors of this nature. 

In tne past there has been a tendency tojs 
overlook this matter, 4 - largely owing toc-the 
presence of other instrumental errors of. 
greater magnitude, such as those di^e td« 
variation of capillary action. <|j 

(ii.) Modifications of 'the usual Setting Slidti. 
and Vernier Arrangement .—It has on som^ 
occasions been considered that the vernier 
not the ideal means of reading off fractioftS j 
of a scale subAivision, especially when in 
hands of an unskilled observer. 

Attempts have therefore been made. id'- 
replace the vernier by a micrometer indioatbr < 
reading directly, on a ring or drum, a coft-^ 
venient, fraction of a scale division. . ‘ ( .“y 

Two types of micrometer deserve mention:: . 
they have "not yet been developed muefit;’. 









f'lwyond tbe experimental stupe. In each case 
s, the usual design of setting slide lias boon re- 
■''tabled, with the exception of the replacement 
the vernier, 

’ "In the first tv [S’ tile micrometer drum is Attached 
the side of the instrument so as to operate the 


the pointer and the mercury. When the mercury 
is set too high. the formation of a dimple in its snrfaco 
can easily be detected, if tin; eye is dinsded towards 
the end of the pointer, by a local distortion of the 
reflected imago corresponding to the distortion of 
the mercury surface at the dimple. 

'» -»*’'T- j ”T . j." ‘"r I ^ b« remarked that the attainment of 

;Kttmg slide through the in.jcl.um of a rack ayd | higll m;cu , tlliK lm . tll0( , {n „ ; 

t,mt *** * m V 0, l I illumination of the mercury surface. Moreover. 
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7^>uld be accurately cut in order that the vertical 
motion of the setting slide shall be accurately con¬ 
i’ verted to a uniform rotary movemdht of the pinion 
r and attached micrometer. 

J, An indicator of this kind was made some years 
ago by the Cambridge Scientific Instrument Co., 
Ltd. 1 The micrometer drum was graduated in J00 
“ divisions, each, registering T ' & millibar (approx. 
.0-003 in. of mercury). On testing the barometer 
fitted with this indicator, it was found that with a 
! - local exception at the end of the pressure range, the 
: micrometer recorded the vertical run of the sotting 
1 slide correctly to within half a subdivision, i.e. to 
±0-05 mb. 

;; A second type of indicator has been made by 
Ncgrctti & Zambra, Ltd., in which a micrometer 
ring, encircling the tubular metal sheath of the 
barometer a little way below the lower end of the 
scale, operates the setting slide through a screw- 
thread of fairly big pitch. 

As in the first type of indicator, the micrometer 
is divided into 100 subdivisions, each equal to ^ 
millibar, and a complete turn of tho micrometer is 
equivalent, to 10 mb. 

Tt is by no means certain that the danger of 
observational errors is any smaller with a micrometer 
than with a vernier. Moreover, the micrometer 
indicator may introduce additional errors to those 
incurred in the present typo of vernier setting slide. 
The run of the micrometer does not exactly corre¬ 
spond with the run of the setting slide, whih* the 
latter does not measure exactly the run of the mercury 
in' the tube. 

A micrometer indicator in which the principle of 
the present setting slide can be av#ided would be 
welcome. • 

... (i»-) High Precision, (a) Methods of setting 
Mercury Lewis to Points or vice versti. —The 
principle of reading mercury levels by pointers 
is susceptible of great accuracy. 

Even the usual kind of pointer 1:ound in 
Fgrtin type barometers can be employed for 
setting tho mercury-level in the cistern with 
a consistency of ± 0-0001 or 0-0002 in., which 
is easily sufficient for this kind of instrument. 
It is possible to see With the unaided eye the 
dimple caused by a pointer dipping only 
D'<3002 in. below the mercury surface. 

In this connection reference may be made tS a 
paper entitled, A Note on the Setting of a Mercury 
Surface to a Required Height,” ® showing how a 
consistency of ± 0-00002 in. has been achieved 
undef favourable conditions by observing the refleo* 
tion in the mercury of a uniform scale of closely 
jpacedalinea (about 0-02 iu. apart) placed behind 

Ltd ^° W ^ am kdd ge and Paul # Instrument Co., 

’ * Bureau of Standards Bull., 1914, x. 371. 


unless the end of the pointer is fine, it interrupts tho 
viewing of the distortion of the image, of the lines 
when a very small dimple is present. 

Alternatively to the foregoing method of 
pointer-seating, electrical means have been 
used, though not always with satisfaction, in 
order U givo a criterion of contact of the 
pointer with a mercury surface. 

(b) Optical Methods .—In barometry of the 
highest precision, optical methods have in 
general been employed to read the upper and 
lower mercury levels. 

It is useful, in the first instance, to con¬ 
sider what exactly is measured when the 
telescope of a oathetometer is focussed on 
the summit of a mercury column. If the 
mercury meniscus is brightly illuminated from 
above, its image in the telescope will scarcely 
be crisply defined in the neighbourhood of ^ 
the summit. 

The appearance of the image dej>ends to a 
large extent on the distribution of light and 
shade over the meniscus. 

* In order to read the position of a mercury 
mcnisfus even to a moderate degree of accuracy 
bv direct focussing with a oathetometer tele¬ 
scope, it is necessary that the illumination 
should eomtf almost entirely from tho back, 
anfl be carefully controlled. 

In Fig. 8 the aperture AB represents the 
only source of illumination. Of the rays of 


Front 


Back 



light which pass through the barometer tube 
to the eyepiece of the telescope T, only those 
whioh are reflected at the surface of the mercury 
have any influenqe on the apparent outline of 
the meniscus as viewed through the telescope. 

If BMT represents the path of the limiting 
ray of light which suffers reflection at M on 
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the mercury meniscus before passing into the ' 
telescope, it. is clear that the portion of the 
meniscus to the front of M is unilluminated 
and therefore appears black in the telescope, 
while the intervening part of the meniscus j 
between M and the true summit appears' 
bright. The boundary betwoen bright and 
dark parts of the meniscus in the image depends 
on the height of B above the level of tho 
meniscus top. In any case M appears in the 
telescope as the summit of the meniscus, and 
is actually focussed on and measured by the 
cathctometer. 

Accordingly, when there is occasion to read . 
mercury levels in this way by mean^ of tele¬ 
scope and cathetometcr, die re is always 
present, to some extent, an error between the 
apparent and real summit of the meniscus. 
For a given illumination, i.e. a given obliquity 
of the limiting ray 13M, tho error increases 
with the size of the tube. If the inclination 
of BM does not exceed one part in 100, the 
resulting error does not exceed 0 01 mm. or 
0*0004 in. except for tubes exceeding 1 in. in 
diameter. 

In cases where a largo bore of tube (e.g. 
exceeding 1 inch) is essential for other reasons, 
the method of reading mercury levels by direct 
focussing with a cathetometcr telescope re¬ 
quires modification if an absolute accuracy 
exceeding 0 01 mm. is required. 

Fig. 9 shows the principle of the plan * adopted" 
for use with one of the normal barometers; at the 
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Fig. a . 

Bureau International dcs Polls et Measures, .Sevres. 
A collimator OO' is arranged so as*>u> produco some¬ 
what above the centre of the mercury meniscus whose 
level is to be read a real image of a horizontal wire F. 
This image and«that formed by reflection at the 
mercury meniscus are viewed with a micrometer 
microscope at Fj and F 2 , and the actual summit of 
the meniscus is taken 4o be midway between 
and F 2 . 

Thi$ method, which allows of readings being taken 
to an accuracy of + 0 0015 mm., requires some 
precautions. It i? difficult to obtain resulting images 
which are well defined unless the external and internal 
surfaces of the glass barometer tube are^ polished so 
as to la*, as far as possible, optically perfect in tho 
neighbourhood of the mercury surface. The portion 
of the mercury surface which gives rise to the reflected 
image should be confined to the more central part of 
the meniscus, where the curvature is inappreciable. 

Other optical errors arc involved, but are finally 
reduced to satisfactorily small Unfits by reading the 
upper and lower ends of the barometric column in 
precisely the same way. 

1 Reproduced from Travaux et Mimoires <tu Bureau 
Inti., tome 111. iJ. 22. 


§ (0) Reduction of thb Readings of a 
Mercury Barometer to Standard* Condi-’ 
tions. —Since the indications of a mercury 
barometer are influenced by changes of tem¬ 
perature of the instrument and of gravity ' 
acting on the mercury, it is essential that 
corrections should bo made for these changes 
in order to obtain absolute values of the 
pressure. ^ 

r J’he basis and method of application of 
these corrections will now bo considered. 

In determining tho temperature allowance, 
the formulae for inch and metric barometers 
are slightly different on account of the different 
temperatures of standardisation of the inch 
and metric scales. 

There is also a fundamental difference in the 
matter of temperature correction l>etween the 
Fortin and Kew types of barometer. This 
difference is relatively small, but has been, to 
a large extent, overlooked in the past. Tho 
investigation of the temperature correction to 
a Kew barometer will therefore be considered 
in greater detail. 

Moreover, in the ease of meteorological 
barometers graduated in millibars, the pro¬ 
cedure of correcting their indications for 
temperature and gravity lias been somewhat 
modified and simplified. 

It will be more convenient to commence 
with inch and metric barometers, considering 
first the temperature correction, then the 
gravity correction. When these units are 
used, the barometric indications arc corrected 
to refer to mercury at 0° 0. (32° F.) and at 
standard gravity. 

(i.) Correction of the Mercury Barometer for 
Temperature, (a) The Fortin and Siphon 
Types of Barometer. — For the purpose of . 
making the temperature correction the above 
types havo been selected as representative 
of those whose scale's are graduated in true < 
linear measure, uncontracted. 

The temperature coefficient of the Kew harometcr, 
or of any barometer with contracted scale, differs 
somewhat from that of the Fortin type. 

As a first approximation tjie Fortin coefficient nmy 
lie used for a Kew instrument, hut where gdftd 
precision is required the Kew barometer should be 
considered as having a distinctive coefficient yjtcr 
the manner shown in § (6), (1), (h). 

The temperature correction to tho Fortin 
and Siphon barometers involves two quantities, 
viz. the thermal expansibilities of mercury'’ . 
anQ of the barometer scale. 

In the case ofr the metric barometer, the 
scale is considered standard at 0° 0., which 
is tho temperature to which the mercury has 
to be corrected. 

It can be shown from first principles that the 
correction formula to be employed is 



lift ~a)h t 

l+ip ’ 
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■ whore A* is the indicated barometric height at 
temperature t ° (5., 

h 0 is the corresponding barometrio height 
expressed in true millimetres of mcruury 
v ... -- at 0° 0., 

a is the mean coefficient of linear expansion 
of the scale between 0° and t° i\, 
ft the mean coefficient of dilatation of mercury*, 
between 0° and t° C. 

Tho correction to be applied to the indica¬ 
tions of the metric Fortin barometer at t° P. 
in order to give true millimetre! of mercury 
at 0° C. is therefore 

J((3-a.)h t 

I + t(i * 

lc. it is subtractivo for all temperatures above 
.,0° C. Under average laboratory conditions 
of pressure and temperature, e.g. at 700 mm. 
and 10° C., its value is about -2 mm. The 
expansion of the scale is of secondary magni¬ 
tude compared with that of tho mercury. 

The correction formula for the inch Fortin 
barometer differs from the metric one only 
by reason of tho extra complication involved 
by the inch scale being standard at 02° F., 
which is not considered standard tem|)eraturc 
for the mercury. • 

With the same notation as before, excepf^J 
that temperatures t are measured in Fahren¬ 
heit degrees, while the expansibilities a and 
ft are also referred to this scale of temperature, 
and the barometric indications expressed in 
inches, 

_ T(P-«)(<-32)+ 30al , 
~T+(0-32jj* 

The correction to be applied to the indications 
of the inch Fortin barometer at t° F. in order 
to obtain true inches of inerciyy at 112° F. is 

_UP-«)(t-V2) + S0a] * 

1 + ((-32)3* " * 

Under average laboratory conditions of 
•pressure and temperature, the magnitude* of 
this temperature correction is of the order 
009 in. A 

Tho exact value will of course vary wTth tho 
matqgal of tho scale. In tfco vast majority of baro¬ 
meters brass is used, and accordingly tables have been 
published giving tho values of tho temperature 
oorrectJftms to inch and metric barometers, based on 
acoopted values for the thermal expansibilities of 
morcury and brass. Reference n*iy be made to 
the International Meteorological Tables, or to tho 
Smithsonian Meteorological Tables (1918 edition), for 
• the numerical values of tho correction, together* 
with the data from which they are derived. For 
high precision, viz. 0 001 in. or better, the expansi¬ 
bility of the scale of tho barometer should l>o 
separately determined. This would naturally bo 
done for primary or fundamental mercury standard 
barometer* In such cases an invar scale would 
probably bo used in preference to a brass one. 

; Occasionally a glass scale is used, or #lso tho scale 
ifl engraved on the glass barometer tube. This 


....A 
- A, 
A, 


Litter course is not, however, to bo recommended for 
general practice. 

(6) The Temperature Correction to a Kew 
Barometer .—In considering to what extent the 
Kcw barometer differs from 
the Fortin barometer with 
regard to temperature changes, 
let A and B mark the levels 
of the mercury in the tube 
and cistern of a Kew baro¬ 
meter (Fig. 10). 

Suppose for tho moment 
that the mercury is divided 
fhto two portions, viz. that 

above B und that below B. II 1 1 B 

If each of these portions is I IT I B » 

cooled down separately from 
room temperature to 0° C., 
the upper level will descend i<’io. io. 
in the tube as far as A lt say, 
while the .lower portion will descend to Bj, 
leaving a gap in the tube between B and Bj. 

In a Fortin barometer tho mercury in the 
cistern would be raised again until it once 
more occupied its original position B, and 
the total fall in the tube would be AAj. 

In a Kew barometer the mercury in the 
tube has to descend a further amount A 1 A j » 
(=JBBj) in order to meet ,that in the cistern. 
The total fall in the Kew r barometer tube is 
accordingly AA». 

^Further, in the Fortin instrument the 
amount aAA, is measured on a true 1 scale, 
hut in the Kew barometer the length A A. 
(already greater than AAj) is measured on a 
contacted scal^, and thereby reads greater 
still. * 

It follows that the change in barometer 
reading corresponding to a given temperature 
change is appreciably greater for a Kew than 
fo»a Fortin barometer. 

For want of better name, the exoess of 
tho temperature correction to the Kew baro¬ 
meter over the corresponding correction to 
tho Fortin instrument will be called the “ Kcw 
temperature error.” An approximate calcula¬ 
tion, based on known dimensions of a Kew 
barometer, shows that tho “ Kew temperature 
error ” may be as large as 0 008 in. (0-2 mm.) 
for a 30° F. (17° C.) change of temperature, 
if the barometer tube is of uniform bore 
throughout its length.* 

This is only occasionally the case with a Kew 
barometer, as the tube is usually narrowed down to 
a comparatively smull bore (about 2 nun.) over the 
greater portion of its length, whether tho instrument 
is intended for marine or station use. 

The effeot of narrowing the tube in this way is to 
diminish the value <rf the Kew temperature error. 
This can best be seer* from a somewhat different 

1 The scale is a true linear measure, apart from 
being a barometric measure, at the standard tempera¬ 
ture corresponding to the unit of length^employed. 




standpoint, from that introduced by Fig.. 10, without 
separating the thermal effort a in the tube nml cistern. 

The Kew barometer may U' considered as a closed 
reservoir, partly of iron (the cistCrn) and partly of 
gluas (the tube), containing mercury. 

The effect of chango of teiuperuturc on the instru¬ 
ment taken volumetrically iH primarily a relative 
thermal expansion of a given volume of mercury in a 
composite reservoir of iron and glass. 

If V*---total volume of mercury in the Kew baro¬ 
meter under standard conditions, 

A = the effective 1 internal area of cross-section 
of the cistern, 

S —tho internal area of cross-section of the 
glass barometer tubo at the top of t!*> 
mercury column, f 

it follows that the thermal change of zero of the 
barometer— i.e. the thermal change of level of the 
mercury in the cistern at a given pressure—is 
V(fi~y)>it 
(S+A) ’ 

where <U represents the change in temperature, 

/3 is the thermal expansibility of the mercury, 
y is a composite coefficient of expansion inter¬ 
mediate between those of iron and glass. 

This change of zero is measured on the barometer 
scale, which is contracted in the ratio A,(S+A) 
(§ ('). (>v.)). Hence tho Kew temperature error 
may be expressed iis 

S + A V(/3 ~ 7 )dt 
A X (S + A)"' 

that is, ^(j3-y)dt. f 

r 

It should be noticed that, for a given chango of 
temperature, the value of the Kew temperature error 
is independent of the pressure. Consequently the 
complete correction for temperature to tluf Kew 
barometer is of the form 

(F/j +K)d/, 

where h is the indicated barometric height, 

F is the temperature coerciont of the Fw tin 
barometer, 

K is a constant peculiar to the Kew tj’pe 
barometer depending only on its 
dimensions and the expansibilities of 
its parts. 

A detailed investigation of the complete fornfula 
for the temperature correction of Kew barometers 
has been made at the National Physical Laboratory, 
an<i numerical values have been worked out there for 
a number of instruments of different dimensions, 
including large and small cisterns, constricted and 
unconstricted tubes. * 

r- 

It was found that the value of the “ Kew 
temperature error”— i.e. the excess of the 
Fortin over the Kew temperature correction— 
is represented to very high accuracy (within 
± 001 mm. in each case for a 20° range of 
temperature) by the expression 

1 I.e. actual Internal area of cistern Jess the external 
sectional area of glass tail-piece. 


J where rj has the value 0-000010 per 1° 0/ Tfritj/Vv 
j value is intended ns a composite mean bet.Ttje^.^c 
i tin? coefficients of iron, glass, and brass, 
i latter material entering into the caleulatioiTt#*;? 
a very minor extent. . 

KThe exact value of t] is relatively. 
important. . 

(c) Numerical Values of the Kew TemperfUute^i: 
Error. —It should be remarked that the value of 
i# by no means constant for Kew barometers 
different dimensions. Even in marine barometers, - 
which may be considered as belonging to a standani.' 
pattern, there is appreciable variation. For the- 
average barometer of short pressure range— - e . g ,- 1 
graduated down to 26 in. (650 mm.)—the valu<j ot+ 
V/A may be taken to be / 

ij in. (38 mm.), .y.vL 

and the corresponding Kew temperature error over' 
a range of 30° F. (17° 0.) is : 

0 0038 in. (0-10 nun.). 

For barometers with longer pressure ranges the' 
value of V/A is usually larger unless the cistern IS'; 
made exceptionally wide. * ^\ * 

As tho result of examining a largo numbor c(+ 
barometers of widely differing dimensions aty* 
pressure ranges it was found that the value of V/A-.,. 
may vary between the limits 
rr 10 and 3-5 in. 

Accordingly, in all cases where the Kew temperature 
error is considered so large that it cannot bo neglected, t 
it is advisable to ascertain or estimate the value of? 
V/A. Only in the more frequently used patterns of 
short-range meteorological barometers can its value be r 
taken as 1-5 in. without separate estimation. This 
large range of variation of V/A makes it almost j 
impracticable to draw up comprehensive tables £ 
of temperature correction to Kew barometers. The / 
distinction between the Fortin and Kew temperature | 
coefficients is not alluded to either in the International* 
or in* the Smithsonian M eleoroloyicnl Tables. Xtten- •’ 
tion, bowefbr, is djpwn to it in the more recent >; 
editions of the Observer's Handbook , published by the j, 
London Meteorological Office, and the appropriated 
valu#s aro Tised in correcting barometers used on ^ 
behalf of that office. ij 

Tho complete formulae for r reduction of inch andf 
metrictKew barometric readings to standard tempera,-* * 
ture, 32° F. (0° (-.), aro : 

Kew Inch Barometer .— ®- 

, t A,[(/3-a)(f-32)+30al.V /ti 

measured in inches and Fahrenheit degrees. 

Kew Metric Barometer .— ’ 

. , ht(P-a)t V 

» lV p t +^-3r,)t, ■■;-v 

measured in millimetres and Centigrade degrees. 

(Compare these with the corresponding forniuWv^ 
for the Fortin barometer in § (6), (i.), («).) ' 

(d) Expression of the Kew Temperature Corre&icwix. 
as a Simple Coefficient of the Barometer Jleading*ff§§ 
[Tho following values will bo accepted for v 
thermal expansibilities of brass and mercury in^od^S 
formity.with the International Meteorological 








"'a ■*0*0000]84 per. 1° f\, coefficient of linear 
v ; • expansion of brass. 

'£*=0 0001818 per ]''(’., mean eoellieient of dilata¬ 
tion of mercury meusuml from 0“ (.’. to the 
temperature t under consideration. 

It should be observed that although the i^jove 
iralue of ft has been accepted os holding for all values 
jjf t, to the requisite accuracy, there is a difference 
betwoon this coefficient, which represents expansion 
ideasured from 0° 0., and the corresponding co¬ 
efficient 0 0001812, which repre|pnto expansion 
measured from t° C. (where f»17° €.), and is simply 

5/(1+£0- 

This difference is made apparent by the relatively 
Argo expansibility of mercury.] 

The immediate purpose of setting out the tempera- 
bore correction in the form of r, simple coefficient is to 
enable corrections to bo made to barometer readings 
for small changes of temperature. The further use 
>f, tins coefficient will bo apparent when the 
temperature corfoction of millibar barometer readings 
.6 considered. 

In tho case of a Fortin type barometer the 
temperature correction is clearly 

where H is tho indicated barometric height at 
temperature t, 

ft' is the expansibility of mercury measured 
from /, •% 

a is the thermal coefficient for brass, 
dt is a small change of temperature. 

3', it has been explained, is equal to 0-0001812 per 
1° C. for f==17°, and is tolerably constant over a 
range of variation of + 5° from this temperature. 

Hence ft'-a— 0-0001028 per 1° C., corresponding 
bo 0-0000904 per 1° F. 

For the Kew barometer the temperature, correction 
becomes , 

H(/3'-a)ii( -:l>j)i ll, 

that is, , 


If the pressure and temperature aio given, 

I he height of llir barometric column varies 
inversely as tlu* value of gravity at tin* station 
whyre tho instrument is read ; mid in order 
that the barometric height shall be a true , 
relative measure of the pressure it has to be 
corrected to what it would. be at- a standard 
value of gravity. For work of the highest 
precision, where absolute pressures are required, 
it is essential that the local value of gravity 
should be known. In many cases, especially 
at sea, it is impracticable to determine the 
value of gi'avitv, even with moderate accuracy. 
It has therefore been customary to assume 
the following theoretical relations as represent¬ 
ing the variation of gravity with latitude and 
height above sea-level. They have been 
calculated 1 from the dimensions and speed of 
rotation of the earth, treated as an oblate 
spheroid. 

2 00 “046(1 - 0 , 00259 x cos 2X), 
g h ~~J/o( 1"" 0*000000190 x h) if h is ex- 
pressed in metres 

=y 0 (l-O'OU000O697x A) if h is ex¬ 
pressed in feet, 

where </ 4B -standard gravity, 

* —gravity at sea-lovol in latitude X, 
g h — gravity at height h abovo sea- 

# level in latitude X. 

Morefccent work 3 on the investigation of gravity 
shows that, the absolute value of gravity at a given 
station can to computed in the following manner: 

(1) Compute */ A the mean value of gravity at sca¬ 
le vet for the latit ude of the station, from tho equation : 

g K =980-021(1 - 0*002640 ;< cos2\ 

+0-000007 x cos 2 2X). 

• (2) Correct fy height h abovo sea-level by the 


30 that the expression within the .brackets may 
be considered as a simple coefficient whielf varies 
slightly with tho barometer reading H. 

The value V/A-=3/2 in. (38 mm.) may be 
icoepted as applicable to the normal types of short- 
range meteorological barometer, and an insertion of 
the*thermal expansibilities 

a —0-0000184 per 1° C., 

• ft' -0-0001812 per 1" C., 

} 3j?—C- 1)000000 per 1° C., 

leads to the value + 

0-0001704 per 1° C. at 760 ram. 

for the expression within the brackets, which may fee 
regarded as u simple coefficient, almost constant 
over the short range, 800 -* 700 mm. 

The corresponding value per 1° F. is 

0-000094, at 30 in. 

(**•) tyrreriion of the Mercury Barometer for 
Gravity. —(Standard gravity is the value of 
gravity at mean sea-level in latitude 45°; 
we.5 (2).) 


amount: 


C=-IHJ0U00O3U ■.AX0-000301)xA (where A 
is in metres) 


= - 0-000000090 x h X g Q = — 0-000094 x h (where h 
% is in feet). ^ 

For the liigbcat accuracy, Allowances should bo 
made for topography and isostatic 4 compensation, if 
information is available for making these corrections. 

Having determined tho value of gravity <jn at a 
given station, the corrected barometric height ut 
standard gravity, g^, is obtained on multiplication 
by 9h!g A& - 


1 See Traraux et AUmoires, Bureau International 
dcs Voids cl Alemres, tome i. 

* Theso values are used in the British Meteoro¬ 
logical Service and are identical with those given 
in the International Meteorological Tables. They, 
however, require revision in view of progress made 
since the publication of the tables, especially in the 
development of the theory of the isoutatic com¬ 
pensation of the earth's crust. 

* See Special Publication No. 40 (1917) of the U.S. 
Coast ami (ieodetic Survey. 

* Loc. cit. * 



ipy -For stations now London, the correction 1 to be 
jp Applied to the Average barometer reading, 30 in. 
s? (760 mm.), to reduce it to standard ^gravity, is 
+0 016 in. (0-4 mm.). 

£ 

For ordinary stations where mercury baro- ( 
meters are read, the change in gravity with 
height corresponds to a change on the baro¬ 
meter of about 

0'003 in. per 1000 ft. of altitude 
(=0’24 mm. (0*3 mb.) per 1000 metres of j 
altitude). , 



In general, the barometer is riot 
conditions of standard gravity, and dlowwfcg^ 
for this is made by finding a new temperatiiie T *j 
at which the instrument reads true millihwi^ 
at its given station. This temperature 
analogous to the standard temperature, and 
is referred to as the fiducial temperature of 
the instrument. * 

The fiducial temperature may be obtained ^ 
fr<yn the standard temperature by applying 
the correction*shown in the following table : . 


These changes are approximately of the same J 
order as the changes in gravity duo f to topo¬ 
graphy and isostatic compensation. 

(iii.) Correction of Mercury Barometers 
graduated in Millibars for Temperature and 
Oravity Variations .—The procedure of correct¬ 
ing mercury barometer readings to standard 
conditions lias been somewhat conveniently 
modified in the case of instruments with 
scales graduated in millibars, though it still | 
involves correcting the barometer for varia¬ 
tions in the temperature and gravity of the 
mercury column from standard conditions. 

The current method in the case of millibar 
barometers for the meteorological service may 
be outlined as follows. 

In practice a barometer, though intended to 
function correctly under certain standard con¬ 
ditions, generally shows a small residual errty 
called the index error, which may be deter¬ 
mined by comparison with a known standard 
barometer. Millibar barometers are designed 
to read correctly, under standard 2 conditions 
of gravity, at a temperature of 285° A. • 

Owing to small permissible instrumental 
errors in adjustment, etc., the standard 3 
temperature varies in different instruments 
by an amount not exceeding 3° A. in generaj. 
The exact standard temperature can be found 
by comparison with a standardised instrument. 

For stations at sea-level in latitude 4.3°, 
the atmospheric pressure may be determined 
by making a single correction to the reading 
of the barometer, i.e. by correcting it for tile 
departure of its te .peraturc from its standard 
temperature. The temperature correction is 
equal to 

p xO‘000163 per 1° A. for a Fortin barometer, 
p x(H)00171 per 1° A. for a Kew barometer, 

where p is the reading of the barometer in 
millibars. 

1 Appropriate Tables of Barometric Corrections 
for Oravity are to be found in the International 
Meteorological Tables and the Smithsonian Meteoror 
logical Tables. 

* British millibar barometers are graduated on 
the basis of 980-617 as the value of “ standard ’* 
gravity. 

* The standard temperature for a millibar baro¬ 
meter Is the temj>eratiire at which the instrument 
registers true piillfnars when stationed under standard 
conditions of gravity. 



Correction. 

Latitude. 

Fortin 

Barometer. 

Kew. 

Barometer. 

00° or 0° 

1 15-9° A. 

! 1S-2°A. 

85 or 5 

-t 15-7 

• +15 0 

80 or 10 

-1 14 9 

+ 14 3 

73 or 15 

-I-13 8 

+13 2 

70 or 20 

+12-2 

+ 11 0 

05 or 25 

1-10-2 

+ 9 8 

00 or 30 

+ 8 0 

+ 7 0 

55 or 35 

-1- 5 4 

+ 5-2 

50 or 40 

+ 2-8 

< 2 0 

45° 

00 » 

0 0 


(For stations in latitudes above 45°, the correction 
is additive.) 

Note .—The above figures for a Fortin barometer are 
independent of the pressure. Those for the Kew type 
vary to a small extent with the pressure, They have 
bceiLcalculatcd for a pressure of 1000 millibars on the 
assumption that V/A = 1*5 in. 

In order to allow for the variation of 
gravity with height, the standard temperature 
of the instrument further requires to be 
diminished by 

1° \ for every i>20 metres 4 of height above 
mean 8$,a-level. 

r 

Once the fiducial temperature of the barometer 
corresponding to a given station is obtained, 
the true atmospheric pressure, in millibars, 
at station level can bo determined by making 
the singjo correction for departure of the instru¬ 
ment temperature from fiducial temperature. 

It should be remarked that the standard 
temperature of 285° A. is aimed at so as to 
give for English latitudes a fiducial tempera¬ 
ture which is not far removed from the mean 
temperature of a statibn, i.e. so as to make 
the uncorrected barometer readings a good 
approximation to the true pressure. 

( When the station is fixed, the fiducial 
temperature i& fixed, and the method of- 
obtaining true pressures at that station in 
millibars by means of a single temperature 
correction is found very convenient. 

For mercury barometers used at sea, the 
fiducial temperature requires to be determined - 

4 The value £20 refers to a Fortin type barometer. • J 
The equivalent value for a Kew barometer Is 640 
metres if the value of V/A is token to be 1'5. . ' v. f 





irbm ttau to tirfuv using' the foregoing table barometer, the residual pressure in the 'racUur&’^J 
*;ia conjunction with the measured latitude of' apace above the mercury column should not 
^the ship. exceed the accuracy usually obtainable from ,.\i£ 

S For high altitude work in millibars, the the instrument This dcgreo of efficiency can 
‘table referred to is only approximate, as it be attained, in general, by the ordinary ■ 
i lias been calculated to correspond to a procure (methods of filling barometer tubes by boiling. . .." 
of 1000 millibars. A defective vacuum is utfhally due to the- 

(iv.) Reduction of Atmospheric Pressures h presence of air or water vapour. In portable 
Datum Level— It should be observed that an barometers, the presence of air can easily be ; 
accurately standardised mercury barometer detected by inspecting the closed end of the 
requires correction only for t^l temperature barometer tube when inclined so as to be v 
and gravity of the mercury in order to obtain filled with mercury. It should not be tolerated 
the absolute pressure at cistern level. These unless the»size of the air-bubble is Very small, 
corrections are inherent in the use of a mercury u A hard criterion can scarcely be laid down, 
barometer. In a small barometer tube ( e.y . of } in. bore), a 

In meteorological work, such as the mapping bubble not exceeding 1*3 mm. in diameter when 
of isobars for weather forecasting, it is not the the tube is laid flat may be tolerated even 
cistern-level pressure that is finally required, if the highest accuracy obtainable from the 
but the corresponding atmospheric pressure instrument is required. For tubes of \ in. 
at mean sea-level. Consequently a correction bore, a bubble exceeding 2 mm. in diameter 
has to bo made for the difference in at-nio- would be considered excessive. These esti- 
spheric pressure between station-level and sea- mates are intended only as an approximate 
level. T^is is not an instrumental correction, guide. Other considerations also enter into 
but do [fends on atmospheric conditions to- the question. Those accustomed to handling 
gether with the height of the station above barometers can make a very fair estimate of 
sea-level. the air content of a tube from the sound or 

For meteorological work the requisite cor- “ clang ” which occurs when the mercury is 
rcction tables, together with their basis^f run slowly against the end of the tube, but 
calculation, are given in the Observer's Hand- this criterion is not applicable to tubes (such 
book. 1 (Reference should also be made to *s those in marine barometers) which have 
§ (16) concerning the relation between heights been constricted so as to damp the flow of the 
and atmospheric pressures.) ^ncrcury through them. 

It sometimes happens in laboratory work The presence of water vapour above the 
that the difference of atmospheric pressure is mercury column in a barometer tube is difficult 
required corresponding to a comparatively to detect by a direct test. Tho maximum 
small difference in level. The approximate possible erro^due to it is equal to the saturation ' 
correction factor can be calculated directly valour pressure of water, which at 62° F. is 
from the relative densities of air and mercury, rather more than half an inch of mercury. 

For stations near sea* level, an jdtitude A comparatively small volume of water is 
difference of 100 ft. correspond^) a pressure required to saturate tho vacuum space. A 
difference of 0-110 in. eft mercury when the ^hundredth of this amount of water will, 
atmospheric temperature is 50° F. therefore, pnxfcice a vapour pressure approxi- 

§ (7) The Furors and Defects of Mercury mately equal 0-005 in., the presence of which 
Barometers.— (No attempt is made here to can just be detected in the average barometer, 
draw a hard apd fast distinction between The usual method of testing a mercury 
errors and defects. In the majority^of cases, barometer for defective vacuum due to tho 
the errors considered are inherent in the •presence of water vapour is to compare its 
general design of mercury barometers, and readings at a number of pressures with those 
are kept as far as possible at a minimum, of a standard barometer column whose vacuum 
Thtrc are, on the other hand, orrors which space is known to be satisfactorily free* from 
appear as such owing to faulty workmanship air and vapour. Throe comparisons are usually - 
or design: these may be called avoidable or made by the direct reading of each mercury 
remediable defects.) level Witt * cathetometer. The presence of 

The following paragraphs apply primarily to air or unsaturated vapour in a given barometer 
those barometers which m%y bo considered is revealed by an error in the reading of that 
standard tyj»e8 for general and meteorological barometer, which increases inversely ns the 
use. They are also applicable, in many respects, distance of the mercury level from t he closed 
to high precision mercury barometers, designed c.nd of the tube, following Boyle s Law. A good , 
and constructed for special purposes, in which example of this may be seen in frig. 11, which 
case it is tho aim of the designer to take special represents the cajc of an exceptionally defect- 
precautions to minimise the respective errors. ive long-range Kow pattern barometer, which 
(i .) Defective Vacuum 8pac$,— \n a good was found to show pronounced signs of water 
1 Published by the London Meteorological Office. vapour in its tube above the mercury column. 



This c«ac h all the more interesting sineo it »how7 
» definite discontinuity at C, marking the place 
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wliere tile vacuum space is just saturated with wafer 
vapour. For barometric readings between Hi -7 and 
320 tlle vacuum space is saturated with 

water vapour, provided the temperature remains 
constant. As a result, the barometric column*' 
corresponding to these readings is depressed by a 
constant amount due to water vapour, the calibration 
curve being a horizontal straight line CD for this small 
porlion of the range. For readings taken on the in¬ 
strument below .117 in. file water vapour no longer 
saturates the vacuum space, lint exerts a pressure i 
which follows Hoyle's Law as the size of the vacuum I 
space changes. 

The shape of flic portion AB of the calibration 
curve IS caused by the mercury coning into contact 1 ' 
with the roof of the cistern, and pall lie referred 
to in connection with tile errors of incomplete com¬ 
pensation for capacity (see § (7) (iv.». 

If It were possible to eliminate this defect and also 
remove the water vapour from tile tula- of this bum- 
meter, without Otherwise upsetting the adjustment* 
of tho instrument, th«* calibration curve would most 
probably take the simple form shown by the line 7//,'. 

It is wise to reject all barometers that show even 
£ small traces of water vapour in their tul.es, or to 
return them to the instrument makers for their 
tubes to ire reboiled or replaced. 

(ii.) Errorx due to Capillary Action of the 
Mercury. In view of the considerable effect 
of capillary action on the accuracy obtainable 
m mercurial barometry, it is of the utmost 
importance that the nature and extent of the 
error due to surface tension should l>e carefully 
considered and estimated. 

The error is present in more ways than one, 
but consideration will first bo given to the 
effect of capillary action in the barometer tube 


due to tho surface tension at tho mercui 
meniscus. 

dt ig. \ 2 represents tho upper portion of 
barometer tube. In tho absence of th 
phenomenon of surface 
tension, the surface of 
the mercury in the tube 
Would be horizontal, US Capillary 
indicated by the lino I„ t^ZZ- 
Actually, the tension T, h .' loht i 
acting evtjrywhere W---- 
throughout the surface T * V" ■ 
layer of the liquid, is 
equivalent to a resultant 
force acting along the. 
surface, normal to each 
nt of the ring of 
et of the mercury 
the glass tube. 

•esultant tension acting on the mercury 
n is, therefore, of magnitude wxdxT, 


Assuming that in tho absence of surface 
tension tiie position of the top of the baro¬ 
ny Inc column corresponding to a given press¬ 
ure would lie represented by the level L, it 
follows that the actual position of tho summit 
of the mercury column is determined by the 
fact that the vertically downward component of 
the force of surface tension on the barometric 
column is equal to the weight of the mercury 
which would have occupied the portion shaded 
m the diagram, in the absence of surface 
tension. The linear amount by which tho 
barometric column is lowered owing to the 
[ surface-tension of Lie mercury in the tube is 
: known as the capillary depression of tho 
i column. It depends! largely on the diameter 
oi the tube, and obviously on the value of tho 
anglo <jf contact of the mercury against the 
glass wall of the tulie. In tubes of diameter 
exceeding 1 inch, the capillary depression is 
practical*/ negligible. 

Even if the value of the surface tension of 
mercury remains constant, the consistency fif , 
the position of the summit of the barometric 
column in a given tube at given pressure jvill 
depend on the amount of .variation in tho anglo - 
of contact. 9 z 


The angle of contact in a barometer tu.be 
18 not practically measurable, but since the >' 
meniscus-height, J.e. the height of the summit > 
of the meniscus above the circle of contact, is 
determined by a given contact angle, the 
capillary depression may bo looked upon as 
being a function of tho bore of tube and the ? 
meniscus-height. 

Table II. gives values of the capillary “ 
depression corresponding to various sizes ofV 
tube and heights of meniscus. 
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In practice tho scale of a mercury barometer 
is graduated so as to allow for this capillary 
depression. This is done by comparison with 
a standardised instrument, which in its turn 
has previously been compared with a barometer 
containing such a large tube ( e.g. a fundamental 
standard barometer) that the amount of the 
capillary depression is negligibly small. 

(a) The Extent of Errors in the Indications of 
Mercury Barometers due to Variation of Capil¬ 
lary Action in the Tube .—Very little experi¬ 
mental work h'as been done in the direction 
of determining the extent of the variation 
of the value of the surface tension of mcrcurv 
in the same or in different barometer tubes. 
Its variation with temperature has been found j 
to be relatively small (Kayo and baby’s I 
Tables of Physical and Chemical Constants), j 
but as surface tension phenomena depend ! 
to a considerable extent on the cleanness of i 
the mercury and the glass, some variation i 
may be expected in the value of the surface 
tension. 

On the other hand, variations in the 
meniscus-height in a given tube have been 
observed, which are too large to be attributable 
to variations in surface tension, and can only 
be explained by considerable variations in the 
angle of contact. 

A large number of experimental observations have 
been made at the National Physical Laboratory on 
the variation of meniscus-height in barometer tithes 
of different sizes. From this work the valuestof the 
angle of contact corresponding to various* meniscus- , 
heights have been estimated by means of tables ■ 
similar to Table IT., working on the assumption of 1 
constancy of the value of the surface tension of 1 
mercury in barometer tubes as indicated in the table. [ 


Table III 


Internal Diameter 
of Barometer 
Tube. 

Kntiniated Absolute 
Value of the 
Capillary Depression 
corre'sjioiiiliiig to the 
Average Value of 
the Angle of 
Contact 

(—33° us Just defined). 

Eat!mated Average 
Kaiigo of Variation 
of the Capillary 
Depression from its 
Mean Value in a 
given Tube. 

In. 

in. 

In. 

0-20 

0040 

+ 0()08 , 

*■ 28 • 

•032 

± 006 

•30 ‘ 

•023 

± -004 

•40 

•Oil 

+ -002 

•50 

•006 

1 -001 

•60 

•003 

+ -001 

■7 5 

0015 

1 0005 


Note .—In barometer tubes tho angle of contact 
is less susceptible to variation than in tubes open 
to the air. Tapping a barometer facilitates, but by 
no means ensures, a consistency in the angle of 
contact. The absolute values of the capillary depres-- 
sion given in column (2) of the table are admittedly 
approximate, but may be taken as giving a very fair 
average for barometer tubes. They have also been 
verilled for some barometers of very small bore in 
which the capillary depression has been measured 
directly to a fair degree of accuracy. 

| accuracy owing to surface conditions of the 
# mercury in the cistern. As the majority 
of the Kew pattern barometers made in 
England have comparatively small cisterns, 
this source of error is considered here in some 
detail, not only in investigating the possible 
inconsistencies of barometer readings at a 
given time, but in estimating the degree of 
permanence of the indications of tho 
instrument. 

The error considered here arises from the 


As a result-, it was found that, on an average for 
several makers’ barometer tulies, the angle of contact 
of the mercury against the glass was represented by 
the value, 35°, expressed as the inclination of % thc 
meniscus to the horizontal at, ¥ts contact with the 
glass tube. 1 (This value is therefore complementary 
to the angle of contact as usually defined.) 

In a given barometer tube the average variation 
of the angle of contact from its mean value was 
found to be f 8", This does not include variation 
with age, but ropre.ser.ts variations dejiondent on the j 
position and cleanness of the mercury in the tube, 
and also to some extent on the rising or falling I 
condition of the meniscus. 

For the sake of example the numerical values for , 
the respective sizes of barometer tubes used in 
practice are given in Table 111. t 

(b) The Influence of the Shape of the Mercury 
Surface in the Cistern of a Kew Pattern Baro¬ 
meter on the Accuracy of the Readings .—While 
tho surface tension of the mercury in the 
average barometer tube has an important 
bearing on the resulting accuracy of the 
instrument, there is also 1 a limitation to the 

* For freshly distilled mercury in air the correspond- 
ng contact v/ilue would be as high as 45° to£0°. 


j variation which Recurs in the mercury level in 
| t he astern, even when pressure and temperature . 
’ arc constat.t. It is due to tho varying eondi 
| lions of angle of k contact 
between the mercury and I s 

j the r cistern, but is not rj 

I exactly analogous to the | 

I variation of capillary d e* j 

j pression of the mercury in 
I the barometer tube. Nearly v 

j all barometer cisterns are of 
| sufficiently largo diameter 
j to make the capillary do- o-~ 
pression of the merouty in c 1°' j 

the cistern negligible. A* 

reference to Fig. 13 will - 1 

Cielp to make the nature Fig. 13. 
of the error' 1 more easily 
understood. For the sake of clearness the 
outlines of the tube and cistern are drawn 
as simply as possible, and not to sealo. 

The position of tho mercury surface in the, 
cistern is shown by the curves AH6’ C'B'A', 
representing an average case of a barometer 
whose cistern is clean. The corresponding 
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position of the mercury in the tube is shown 
$. The pressure and temperature are 
'assumed constant for tho time. Suppose, 
:Vtio'w, ;as a hypothetical limiting case, that the 
cistern or the mercury in it, or both, become 
■SO dirty that the curvature of the meniscus 
disap|wars, tho surface becoming plane, f.ftiis 
may be an extreme case, but it is not far from 
what may happen in practice in a cistern to 
Which a moist atmosphere has access.) Tho 
‘level of the mercury surfaco in the^istern woiRd 
then fall to DD', which is defined by the 
'Conditions that the volume of tho mercury 
is constant, and the actual height of the 
barometric column has remained constant. 

V The flatter the mercury meniscus in the 
iysteni, the greater the tendency of the 
1 barometer to read low, as at .S'. 

. The magnitude of tho change in tho mercury 
level in the cistern corresponding to a given 
change in tho angle of contact has been 
calculated from a knowledge of the values of 
the surface tension and the density of mercury, 
together wfth the dimensions of the instrument. 

The results arc set out in the. following table. They 
are very nearly independent of tho size of barometer 
tube, which Is ahvavjj small compared with the 
diameter of the cistern. 


When the pressure increases, mercury flow’s 
from the cistern into the tube, and in order 
to provide for this flow the mercury meniscus 
in the cistern becomes flatter unt il equilibrium 
is reached between the barometric column 

f nd the atmospheric pressure. Owing to 
fiction there is a tendency for the ring of 
contact of the mercury with the cistern to 
maintain its position until the. meniscus cannot 
accommodate itself any more to the increase 
of pressure. 

Both mercury menisci in a Kew barometer 
take par^ in this accommodation. The 
meniscus in the tube would, in general, tend 
to bulge out more in response to tho increase 
in pressing. As long as the meniscus remained 
stable tho ring of contact with the tube would 
maintain its position, and not move until 
the friction between the mercury and the glass 
was overcome. 

Tapping the barometer facilitates the forma¬ 
tion of the most stable meniscus in tube and 
cistern. Without tapping it is evident that 
t he barometer loses a certain degree of accuracy 
depending in magnitude upon its dimensions, 
since small changes in pressure would, in 
general, give rise to small changes of shape 
of the two menisci without yielding the full 


Table TV 

Cistern Errors in Kew Barometers 


Inclination of 
Mercury Surface, 
to the Horizontal 
at its King of 
Contact with the 

Corresponding 
Meniscus-height 

Zero 

Error of Tit 

w Pattern Barometer relative to assumed 
* Ay rage Conditions. 


l«’or Cistern of Internal Diameter. 










(intern. 



10 in. 

# 1*3 in. 

1-5 in. 

1 S O in. 

4-0 in. 

! 0-0 in. 


mm. 

in. 

in. 

in. 

in. 

in. 

in. 

! in. 

90"* 

2-0 

ono 

1 O-OOf^ 

^ 0-007 1 

To 002, 

-! 0-000.4 

i o-oor> 2 

i 0-003, 

4-0-001,, 

! 4 o-ooi, 

07 

2 0 

0 08 

1 0-0054 

1 0-004 3 

4 0-003, 

4 0 001, 

: 1 o-ooi 0 

41) 

1-5 

• •00 

1-0-002,, 

H-O-001, 

H 0 00i 2 

4- OOOO 5 

1 1 ( 1000 , 

40 

1 25 

4)05 

o-ooo 0 

O-OOtJ 

0 - 000 „ 

• o-ooo 0 

o-ooo 0 

1 o-ooo 0 

32 

10 

0(4 

-0 002 7 

•• 0(X)2 0 

- 0-001 7 

, - 0 - 001 * 

- 0 - 000,3 

; ■ o-ooo 4 j 

JO 

0 5 

0 02 

— 0 - 0 OS 7 

- 0 - 000 , 

- 0 005 4 

-0-003, 

- O-OOJj, 

1 -0 00J 2 / 

0 

00 

0-00 ! 

-0-O13, 

-0 01 J 3 ' 

- 0 - 000 , ( 

-(‘• 000 9 i 

~O-0Q3 4 

— 0 - 002 * 


(The -I- sign indicates that the barometer would read too high.) * If stable. 

. Motes. —i. The fourth row of the above table lias been assumed to represent average conditions of contact 
of mercury in an iron barometer cistern to which the moist atmosphere has access. 

2. Values of the angle of contact have been tabulated from 0 to 00°. There is evidence that both these 
limits are occasionally approached under conditions which obtain in practice. 


The foregoing tablft requires to be sup¬ 
plemented by information asf to tho amount 
of Variation of the anglo of contact of the 
mercury in the cistern before a satisfactory 
estimate can be made of thtf extent of the 
error due to this inconstancy of barometer 
zero. Tho cistern is opaque, and direct 
observation of the angle of contact, is im¬ 
practicable. There is, it should bo noted, a 
groat inducement for tho anglo of contact 
to change its value considerably by way of 
'accommodation. • 


corresponding change in the reading of the 
barometer. « 

These changes arc most marked in marine 
barometers, not only on account of the com¬ 
paratively small dimensions which are desir¬ 
able for ships’ barometers, but also because 
the. tube is constricted so as to damp the flow 
of the mercury through it. 

Space does not permit of a detailed discussion of 
the magnitude of these changes which are due to 
accommodation of the shape of the mercury menisci • 
in tho tube and cistern. Experimental tests which 
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have boon made on Kow pat torn barometers indicate 
that- unless the instrument is tapped considerable 
variations of the meniscus-shape occur in the cistern. 
These are such as to correspond to a change of T .‘10° 
in the angle of contact measured from its average 
value. The effects of these changes can be gauged 
from Table IV. They have also been measure!, 
during the course of tests made on Kcw pattern 
barometers at the National Physical Laboratory 
prior to making a general rule of tapping the instru¬ 
ments before reading them. 

It should be remarked that during an increase of 
pressure the tendency of a Kcw barometer to read 
low is twofold, i>. the flattening of the cistern 
meniscus consequent upon mercury flowing into the 
barometer tube operates in the same direction as the 
bulging of the meniscus in the tube, due,to increase 
of pressure. Unless tne barometer is tapped there 
will undoubtedly be an appreciable difference between 
its rising and falling indications. 

Tapping very nearly eliminates this difference in 
the case of Kcw barometers with u neons trie ted tubes. 
In a marine barometer the effect of tapping is 
impeded by tile fact that the tube is constrict oil. 
Consequently the mercury column requires time to 
take up its new position of equilibrium, and during 
that time flirt her accommodation of the shape of the 
menisci takes place. To obtain the full benefit of 
tapping fora marine barometer it would bo necessary 
to tap more or less continuously for several minutes 
until the meniscus conditions approached most 
nearly their average values. 

It is found in practice, in the case of laboratory 
tests on marine barometers, that the difference 
between the falling and rising indications varjpx 
from 0-005 in. to 0 010 in. for ordinary changes of 
atmospheric pressure. The exact figure- depends 
somewhat on the rate of change of pressure and on 
tin; state of cleanness of the instrument. 

Very few marine barometers have 1 ‘been made with 
a tube exceeding J in. in internal diameter. As is 
to be expected, an increase in the dimensions of the 
instrument, is accompanied by a decrease in tIn¬ 
difference between its rising and falling indications. 

Occasionally station barometers are found in 
which the tube is narrowed down-uitticieiitlv to make 
the flow of mercury through it somewhat sluggish. 
This is not to be recommended. 

of ('-) Possible Errors in a Fortin Barometer 
found udeait upon the Shape of the Mercury 
with age, He in the Cistern. —In Fortin barometers 
position ure to variation in the meniscus-shape 
and also to arn are relatively small, except ill 
condition of the ‘ruments of small dimensions. 

For the sake of Mj lc fiducial pointer is situated 
the respective sizes i, c gp cw tail-piece and the 
practice an: given in Tao mmit ()f tfte mercury 

(0) The Influence, of the*., used in making the 
Surface in the Cistern of a Ker , and the only 
meter on the Accuracy of the Rcaoi the cistern 
tho surface tension of the merm,depression, 
average barometer tube has an li? internal 
hearing on the resulting accuracy <<*ut 11 
instrument, there is also*a limitation to tho 

' For freshly distilled mercury In air the correspond¬ 
ing contact Yjiluc would be as high as 45 ,J to £0°. 


therefore be expected, depending on the 
shape of the meniscus. It is advisable, before 
making a setting on a mountain barometer, 
to raise the mercury in the cistern to the 
pointer with the object of avoiding a Hat 
mercury surface. 

\iii.) Errors of Temperature. —(The basis of 
.the method of correcting the readings of a 
mercury barometer for changes in temperature 
is shown in § ((>) (i.). 

Note. —A ?° F. change in temperature corre¬ 
sponds to (KM)3 in. on tho barometer at 
normal pressure. 

A 1° 0. change in temperature corresponds 
to 01 3 mm. on the barometer at normal 
pressure.) 

These errors may he divided into two 
classes, according as they are involved in the 
measurement of the temperature of the baro¬ 
meter, or in the correction of the barometric 
reading from the observed temperature to a 
standard temperature. 

As far as the temperature of the barometer 
is concerned two things count—the mercury 
and the scale. Since the coefficient- of ex¬ 
pansion of the material (usually brass) on 
which the scale is ruled is of a lower order of 
magnitude than that of mercury, the chief 
aim in the measurement- of the temperature 
of a barometer is to obtain the temperature 
of the mercury column as accurately as possible 
by simple methods. 

A mercury thermometer is universally used 
as temperature indicator, except in barometers 
of the highest- precision. Since it cannot he 
immersed in the mercury of the barometric 
cojumn the next best- tiling is usually done, 
and it is mounted with its bulb very near the 
barometer tube. . 

Assuming that its bulb is well screened 
from heat iadiation, either from the operator 
of the barometer or from other sources, the 
temperature indicated by the thermometer 
may 'differ from that of the barometric column 
owing to the following two reasons : 

(a) Horizontal and vertical gradients of 
temperature in the immediate vicinity of the 
barometer. * c 

(h) Thermal lag of the barometric column 
relative to the mercury thermometer. 

(a) Mercury barometers should lie set up in 
a favourable position,’a way from draughts, 
doors, or windbvvs, or any source likely to 
create a temperature gradient. In some 
itooms which appear favourable the air may 
become stagnant and stratified, resulting in 
an appreciable vertical gradient of tempera¬ 
ture. 

('ases of apparently favourable location of 
barometers have been known in which tem¬ 
perature differences of nearly l n F. have been 
found between the top and bottom of the 
mercury column. It is therefore clearly 
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advisable to arrange for the bulb of the 
thermometer to be as nearly as possible mid¬ 
way up the barometric column. 

As regards thermal errors due to the presence of a 
horizontal gradient, a note of warning should 1 ms 
sounded against the practice in some eases, offltn 
in the more aceurato barometers set up in ohserv- # 
atories, of setting up the thermometer with its bulb 
immersed in mercury in a separate tube, a few inches 
away from the barometer itself. The object of thi||, 
doubtless, is an attempt to obtain #similarity of 
thermal lag in the barometer and thermometer 
tubes, but often the error avoided in this way is 
more than counterbalanced‘by the error duo to the 
presence of a horizontal gradient of temperature 
between thermometer and barometer. Thermometers 
should not lie set up ill this manner unless it has 
been verified that the effect of such a gradient of 
temperature is negligible. Cases have been known 
in which actual deferences of temperature exceeding 
1° F. have been found. The prevalent practice of 
letting the thermometer bulb into a small opening 
cut into the metal sheath surrounding the. barometer 
tulie lias much to recommend it. Cnder good 
average eomfitioiis the temperature of the barometric 
column can be considered as determined within an 
accuracy corresponding to -f 0-001 in. on the 
barometer. 

(/>) The magnitude or the error due to the lag of # 
the barometric column in following the temperature 
indicated by its attached thermometer has been 
investigated experimentally at the National Physical 
Laboratory by taking a series of readings, at atmo¬ 
spheric pressure, on barometers of different dimensions 
immediately after they had been transferred to, and 
set up in. a hot room at a tom jH-rature of about 0ft J F. 
(3f>° ('.). At a given pressure, the reading of a 
correct mercury barometer is approximately -,-L in. 
higher at 95’ F. than at the more usual atmospheric, 
temperature <i2'' F. If therefore ft barometer is 
suddenly transferred from the Ipwir to the higher 
temperature, a series of readings taken on*it. at j 
suitable intervals of time, commencing from the 
time of transference, is all that is needed to obtain 
an empirical formula for the amount of thermal lag 
of the barometric column. Actually the barometer 
may he used as its own thermometer in tracing the 
law of variation with time of the temperature of the 
mercury column. In oiief, the experimental ^serra¬ 
tions showed that even if the average Fortin or Kew 
pattern barometer were siinjeet to a steady rise of 
external temperature of 2° F. (1 0 (.*.) pi r hour, the 
error due to lag of the barometric column in taking 
up the temperature indicated by the exit vnal attached 
thermometer would not, extf-ed 0-001 in. ( 0-02 mm.). 

• 

It*is, of course, understood that in cases 
where barometers are moved to new quarters* 
sufficient time should be allowed them to 
take up fully the surrounding temperature. 
Half an hour is usually sufficient for this 
purpose. Incidentally it should be remarked 
that in measuring pressures by means of 
a mercury barometer and thermometer the 
latter should be read first, as it is the more 
easily influenced by the radiation of heat 
from the observer’s body. 


Errors in the Correction of Barometers to a Standard 
Temperature.. —Information for correcting the readings 
of mercury barometers for changes in their tempera¬ 
ture is given in flu* Meteorological Publications.' 
In some respects the data lack completeness, as 
/reference is made, either in the international or 
in the Smithsonian Tables, to the distinction between 
the Fortin and Kew pattern barometers as regards 
temperature correction. Further, the data for 
correcting barometers graduated in the more recent 
millibar unit do not appear in the- two above- 
mentioned tables; they are, however, given in the 
more recent publications of the ttl, server's Handbook. 
• 

(iv.) Incomplete Compensation of the Kew 
Barometer for Capacity. —Since no zero setting 
is made irr the cistern of a Kew pattern baro¬ 
meter, the instrument has to he compensated 
for the capacity of the tube and cistern (see 

5 (»). 

This is done by correctly correlating the 
following dimensions : 

(1) Amount of uniform contraction (' of 

the spacing of the scale. 

(2) The internal diameter d of the. baro¬ 

meter tube. 

(3) The internal diameter I) of the cistern, 
and to a small extent the external diameter 
t of the tail-piece of the tube dipping into the 
cistern. 

frith the above notation, it eon readily be 
shown from first principles that 

* • ~ I ) 2 - 1' 1 

* L 

giving the spacing of the scale required to 
suit the given dimensions D, d, and t. In 
new Kew barometers the problem of graduat¬ 
ing the scale is subsequent to the choice of 
f), d, and t. In instruments undergoing repair, 
it is the glass tube that usually requires re¬ 
placement. This Jins to be chosen so that the 
above relation is, satisfied. 

In a new instrument, the question of com¬ 
pensation for capacity is simpler as the 
dividing engine used in graduating the scale 
c;yi he set to give with good precision the 
requisite contraction valuf. In repairing a 
barometer, the problem turns largely on 
the choice of tubing of the requisite brtre. 
Clearly there will be some residual error in 
the process of compensation of a Kew baro¬ 
meter for “ capacityl” The error is called 
the capacity error, and may he defined as 
the rate at which error is developed alyng the 
barometer scale due to imperfect, compensa¬ 
tion for capacity. In the ease of barometers 
tested at the National Physical Labora¬ 
tory, it is not allowed to exceed T 0*004 in. 
per inch of scale, while in long-range instru¬ 
ments a more stringent limit is demanded. 

1 Vide The International Meteorological Tables, 
The Smithsonian Meteorological Tables, TJic Obsnrer ’,s 
Handbook. 
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In general, this limit is satisfied by both new 
and repaired instruments, the new barometers 
being usually compensated to within half this 
margin of error. The average capacity error 
in the case of a repaired barometer corresponds 
to a precision of about 7 mils 1 in the selection 
of the internal diameter of the barometer tube. 

Tho average amount of contraction of a Kow 
barometer scale is 0 '!W of full size, which corresponds 
approximately to a cistern diameter five times that 
of the glass tube. 

In cases where proportionately larger cisterns are 
employed the contraction value may range up to 
0-9S, ».«?. the scale is more openly spaced. 

There is a standard size cistern corresponding 
to a given approximate bore of tube, it is excep¬ 
tional to depart from this standard size for the sake 
of obtaining compensation for capacity. 

Incidental to the error of capacity compensation 
is the possibility that the error is not uniform over 
the working pressure range of the barometer. This 
may be due to one of the following two causes : 

(a) Lack of uniformity of bore of tube. 

(/*) Mercury level in cistern licyoud the uniform 
cylindrical portion of the c istern. 

As regards (a), barometer tubes are carefully 
selected for uniformity as well ns size of bore. It is 
tlie exception to meet with a barometer with a t uln- of 
such marked eonieality a* to prejudice the uniformity 
of compensation for capacity. 

As to (h), the error may appear in two ways. ,JThc 
mercury either rcache's the ceiling of the cistern 
before tho lower working limit of pressure is readied, 
or else reaches a shoulder or flange - at the puddle 
of the cistern before the upper working limit of 
pressure is reached. 

Both defects are occasionally found in the older 
instruments. The former has a tan been found in 
new barometers. Its effect on the readings of the 
instrument can be seen from Fig. 11 , which shows the 
calibration curve for a typical case in which two 
distinct, defects an’ present, viz. : 

(1) Unsatisfactory compensation for capacity over 

tin- range 8-11 ill., diving to tile cistern 
becoming full of mercury. 

(2) Presence of water vapour in the vacuum space 

above'thc barometric column (!} (7) (i.)|. 

With careful designing and dimensioning of the 
cistern, the lack of compensation for capacity at the 
ends of the working tinge of pressure can be avoided. 

fv.) Verticality of Barometer *.—The errors 
due to lack of verticality of barometers are 
usually small, but not by any means negligible. 
Their nature depends (jn the type of instru¬ 
ment. “ 

In the Fortin-type barometer, when high 
accuracy is desired, it is essential to mount 
the instrument so that, its axis of rotation 
is correctly vertical. The necessity for this 
arises from the fart that the fiducial pointer 
does not lie in the axis of the instrument. 
Consequently, unless the axis of rotation is 

1 Tibs' flange is not always present in the cisterns 
of Kt-w barometers. 


vertical, the reading of the instrument will 
differ according to the direction in which the 
barometer faces when tho mercury in the 
cistern is brought to the pointer. 

All Fortin barometers tested at tfic National 
Physical Laboratory are set up so as to rotate 
about a vertical axis. This condition is 
‘secured if the pointer, when once just in 
contact with the mercury in the cistern, 
lpmains so however the instrument is rotated. 

The averse Fortin barometer, when sus¬ 
pended by its ring from a peg and allowed to 
take its own “ plumb ” position, docs not 
settle down to a sufficiently definite position. 
Verticality of axis of rotation of tho instru¬ 
ment can generally be secured with a little 
adjustment wherever the barometer is located. 
Lack of attention to this condition may, as 
already stated, result in errors of 0-001 to 
0-002 "in., depending on the distance of the 
pointer from flic axis of the instrument. 

The source of this error may, however, lie 
eliminated by re-designing the Fortin baro¬ 
meter so that the fiducial pointer lies in the 
axis of the instrument . 3 

Kcw barometers are usually set up so as 
to hang plumb, either from gimbals nr from 
-r ( ring, and generally, so long as the instru¬ 
ment is not swinging, the errors due to Jack 
of verticality are negligibly small. At sea 
swinging is bound to occur. 

Syphon barometers need careful adjustment 
for verticality, especially if the distance 
between the two limbs is relatively large. 
Accurate instruments are generally fitted with 
spirit-levels. In the same way siphon mano- 
ihclcrs are liable to errors due to tilting. 
These may be avoided by designing I he mano¬ 
meter so that tts limbs are arranged eon- 
cent ideally*, one within ttio other. 

Barometers uf r high precision naturally 
require care in JevMling. Krrors of veriioality 
arc .usually dependent on the eathetometor 
arrangements for referring the mercury levels 
to tlie measuring scales. r 

tj (A) This Accuracy and Permanence 
ok the Mf.rcurv Barometer as a Pressure 
Indicator, (i.) Condition a * penal to the 
Fortin and Kew Type* —In view of tho fore¬ 
going remarks as to the effect of the shapo 
of the mercury surface in the cistern on the 
resulting accuracy of the Kow barometer, 
it is clear that in the smaller instruments 
4 the Fortin typo is rather to be preferred for 
accuracy ami. permanence. If a Kcw baro¬ 
meter is required to possess the same accuracy 
as a Fortin barometer with a tube of similar 
size, it is essential to enlarge its cistern so 
(hat the effect of changes of meniscus-shape 
is inappreciable. This has been done in tho 
case of a Kew pattern gauge barometer used 
as a standard instrument at the National 
» Hot. Metamtog. Poe. ./., 11)13, xxxix. 55. 
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Physical Laboratory. Tho cistern of this 
barometer is approximately G in. in dia¬ 
meter, and the tube | in. Although this 
instrument has been regularly used in con¬ 
nection with aneroid testing, occasions have 
been found to compare its readings with th'*;oe 
of the Laboratory working standard Fortin 
barometer at current atmospheric pressures,* 
generally near 30 in. The latter instru¬ 
ment has a tube of |-in. bore. 9 

During the course of the year* following tho 
installation of tho Kew gauge barometer, 75 compari¬ 
sons were made, three observers participating at 
various times. From these 75 comparisons a mean 
value was found for the error of tho Kew barometer. 
On analysing the readings it was found that (53 per 
cent (i.e. 47 out of 75) individually gave values 
within 0*0010 in. of the mean, 24 per cent (?.e. 18 
out of 75) individually gave values within 0 0015 
in. of the mean, and 8 per cent (i.c. 0 out of 75) 
individually gave values within 0-0020 in. of the 
mean, while the departures of the. four remaining 
individual values from the moan were 
• 

0 0022 in., 0-0027 in., 0-0023 in., 0-0021 in. 

These figures indicate tho accuracy which it is 
possible to obtain from a Kew pattern barometer 
of sufficiently large, dimensions, ft should be notejJ 
that the vernier of the instrument registered to 0-002 
in. directly; but readings were taken on it to 
closer accuracy with the help of a reading-lens. 

As an indication of the degree of permanence of 
the indications of this instrument, the following i 
figures speak for themselves : I 

Table V ! 

Permanence ok a large Kew Barometer j 


Iff 15 
10JC 


4 0-0032 
+0-0029 



The information available concerning tho 
pcfmanenco of Kew barometers of smaller 
dimensions is not so definite owing to the 
paucity of observational data. It is certain, 
however, that in eouijpe of time the mercury 
surface in the cistern becomes covered with 
sediment and loses its former shape to an 
appreciable extent. t 

It is not easy to evaluate the accuracy 
attainable by the more frequently used 
mercury barometers without making reserva¬ 
tions. In giving the estimates shown in the 
following table, it is understood that the 
instruments aro used in favourable conditions, 
the indicated accuracy being limited only by 
instrumental errors, and not # by external 
atmospheric or other conditions : 


Table VI 

General Accuracy ok Fortin and Kew 
• Barometers. 


^Iiitcnml Diutnclcr 
<>f Barometer Tulip. 

General Ae 

uruey of ;i Single Rwulinjr 

illl'hoH. 

illl-llPH. 

mil 11 me Ires. 

milliliiu h, 

0-25 

0-005 

0 12 

0-10 

0-4 

0-002* 

0-05 

0-0*5 

0-5-0-0 

0-0(115 

0-03 

0 04 


Notes.- -1 . The above values are applicable almost 
equally to Fortin and Kcw-type barometers. They 
#lso indicate the order of magnitude ol any permanent 
shift that may occur In the indications of the instru¬ 
ments (with tile exception of any change which takes 
place when the vacuum space becomes defective). 

2. Since the causes which contribute to permanent 
shift are almost entirely linked up with capillary 
action, the Fortin barometer may be looked upon as 
being less susceptible to permanent shift than the 
corresponding Kew barometer, owing to the greater 
chance of cistern errors in the latter type of 
instrument. 

The case of special-precision mercury baro¬ 
meters is considered separately in § (9). With 
the greatest precautions a final accuracy of 
10-005 mm. may be obtained in the measure¬ 
ment of pressure. 

(ii.) Limitations to the Accuracy of the 
Barometer iti the Pleasure went of Atmospheric. 
Pressures, (a) The Effect of a. Wind. — The 
barometer is an instrument which, when there 
is no wind, measures static atmospheric 
l"e9|ure, i.e. the. weight of the atmosphere. 
In the presence of a wind there is superposed 
on the static atmospheric pressure a pressure 
due to the. velocity of the wind, and equal to 
h n>i > where p% tlie density of the air, and v 
is the velocity of the wind. 

The following are the values of this ex¬ 
pression corresponding to various wind 
velocities: 

• Table Vll 
Pressure due to Wind 


Wind Vt'Ic 

■■■Ity |V>. 

| ( 'orresiioniltii,; 


Miles 

; Metres 

' 1 1 i'll mi i f 

| MiliiW. 

|ut hum. 

| Meieury. 



" # 


5 

2-24 

0-001 

0-03 

10 

4-47 

1 0-004 

1 0l;> 

20 

8-ff4 

[ 0-014 

0,5 

30 

13 tl 

1 0-032 

! M 

40 

17 88 

000 

2 0 

50 

80 ° 

23-35* 

0-Off 

3-0 

35-70 

0 23 

7-8 

100 

44-70 

0 3*5 

12-2 


A barometer, whether mercurial or aneroid 
in type, will, if exposed to the full pressure 
of the wind, register a value which is in excess 
of the static pressure by the amount shown 
in the above table. 

In a room whose exterior is exposed to 
the wind, the air pressure may be greater or 






0 
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loss than the static pressure of the external 
atmosphere. In other words, the wind may 
produce a pressure or a suetiona! effect on 
the air in the room, depending on the nature 
and position of the doors, windows, cracks, 
or crevices through which the atmospherd 
may have access to, or egress from, the room. 
The amount of pressure or suction produced 
in the room by the external wind may vary 
up to a maximum value indicated in the 
above table. Consequently, the extent of the 
possible error on a barometer, in its normal 
use as indicator of static atmospheric pressure, 
can be estimated. 

If two barometers in different buildings are 
undergoing comparison, allowance should In; 
made for the effect of the wind, which is likely 
to he troublesome at stations of high altitude. 

At sea the wind effect is always present 
on account of the ship's velocity as well as 
that of the wind. A full discussion of the 
resulting errors will not be attempted here. 
The extent of t he errors can be gathered from ; 
experimental and observational evidence 
already published. 1 

It is possible to design a mercury baro¬ 
meter having an air-tight cistern into which 
is led the static tube of an anemometer head 
mounted in full exposure to the outside atmo¬ 
sphere. 

(b) Other Error* in the use of Marine Baro¬ 
meter*. Pumpiny of Mercury Barometers nt 
Sea .—In a marine barometer a constricted 
tube is essential in order to obtain even an 
approximate reading of the atmospheric 
pressure, the object of constriction being to 
counteract as far as possible the errors in the 
measurement of pressure caused by what is 
know n technically as “ pumping ” of the 
mercury column owing to the oscillations of 
the latter aboard ship. 

The following are the chief v eauses operating 


! pressure, since, in general, the barometer is 
inclined somewhat to the vertical. 

The errors due to (iii.) have been referred 
to separately under (a). Other errors at sea 
of a minor character are not discussed here. 

Of the above sources of error, (i.) is generally 
recognised as the chief cause of “ pumping,” 
and whilo then. 1 are non-oscillatory errors 
inevitably associated with (ii.) and (iii.), it is 
evident that the oscillations of the barometric 
column dueVo (i.), (ii.), and (iii.) i.e. the 
amplitude of the pumping—can be diminished 
by damping (ho oscillations, that is, by con¬ 
stricting the narometer tube more heavily. 

The greater the damping, however, the 
greater the lag of the mercury column in 
responding to the changes of atmospheric 
pressure. Hence, constricting the tube is of 
necessity a compromise between the lag error 
and the errors due to pumping. This com¬ 
promise may be arranged to suit average 
conditions at sea, or else the worst conditions. 

It is conceivable that, in existing marine barometers 
j the best compromise may not- have been made. Tor 
i many years past, the constriction of marine barometer 
I tubes has been required to lie between two specified 
| limits. The average tube may be regarded as having 
i X lagging time ol roughly four minutes, i.e. if the 
atmospheric pressure is changing at a uniform rate, 
the barometer at a given time registers the pressure 
which obtained four minutes before the reading was 
I taken. 

In the majority of eases the rate of variation 
! of atmospheric pressure does not exceed 0-020 in. 
(J millibar) per hour, i.e. 0000*1 in. (0 017 millibar) 
per minute. The lag error of the average barometer 
corresponding to this rite, being equal to the change 
in pressure in four minutes, is therefore 0-002 in. 
(007 millibar). 

Occa iionally the rate of change of at-mospherio 
pressure may be double or even treble the above 
estimate, so that the lag error may be correspondingly 
increased in extreme cases. It is well known that 


to produce “ pumping ” at sea : 

(i.) The existence of a periodic vertical 
acceleration acting on the mercury column 
owing to the heaving of the ship. 

(ii.) The disturbance of the mercury duo tb 
the swinging of the barometer. 

(iy.) The effect of the wind on the air 
pressure in the mom where the barometer 
is hung. 

As far as (i ) is concerned, the mercury 
oscillates about a mean position which should 
give the true atmospheric pressure at the 
mean height of the instrument above sea-level. 

As regards (ii.), the barometer is mounted 
on gimbals, and as the instrument swings 
with the rolling and pitching of the ship, the 
mercury column oscillates about a mean 
position which is always higher than the true , 
position corresponding to the atmospheric, j 

1 tioff. Meteoroidg. Sor. J. xxxiv. KM); Unlink j 
Assoc. Ilep., 1010, p. 80. 


i the errors in (lie determination of atmospheric 
| pressures at sea are much larger - than flic figures 
i which have been attributed above to lag, but it is 
i diliioulfv'o say to what extent they are attributable 
| to pumping, and the consequent, uncertainty in 
j reading the instrument, oi how much they are« lue 
[ to th«* influence of the wind on the pressure in the 
chart-room. Undoubtedly both sources of error 
[ have a considerable influence on the accuracy of 
\ determination of atmospheric pressure at sea. 

(c) Influence, of the Velocity of a Ship oil the 
Effective Value, of Gravity actiny on the Mer¬ 
cury Column of a Marine Barometer. - When a 
ship moves in an easterly direction, the net 
centrifugal force due to the earth’s rotation 
a.id the ship’s motion is increased, so diminish¬ 
ing the effective value of gravity on the baro¬ 
metric column. Consequently the instrument 
reads too high when the ship is moving east¬ 
wards, and too low for westward motion. 

r 


* Gold, Roy. Meteorolog. Hoc. J. xxxiv. 97. 
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The decrease in the value of gravity result- | 
ing from a ship’s easterly velocity of twenty J 
miles per hour (174 knots) is approximately 
0-08 cm./(sec.) 2 for English latitudes. The 
mercury barometer therefore reads too high 
on this account by 0-0025 in. (0-08 millibar)* 

The existence of the error has been cx # 
perimentally proved 1 by comparing the 
readings of a mercury and an aneroid baro¬ 
meter on board ship during a sgrics of sh<trt 
easterly and westerly voyages. 

§ (9) Fundamental Standard Barometer. 
—It will have appeared from the foregoing 
consideration of the design and errors of 
mercury barometers that these instruments 
do not in themselves admit of ready calibra¬ 
tion from first principles. It is essential, how¬ 
ever, that there should be some standard with 
which each barometer can be compared and 
calibrated. This standard should be designed 
so that all its errors are determinate, and it 
should give in itself a true value of the 
pressure. •Such an instrument may be called 
a fundamental or primary standard barometer. 

Before describing a typical primary standard 
barometer, if would be well t<> consider the 
main diflieulties in tile design of the instrument 
and in the absolute measurement of pressing 
from first principles. 

Errors may arise from the following main 
sources. These have not only to he reduced to 
a minimum, hut to be made determinate. 

(a) Imperfect vacuum above the barometric 
column. 

(b) Mercury not absolutely pure (deviation 

from standard density). # 

(r) Inaccuracy of measurement of the 
temperature of the barometric column. 

(<l) Inaccuracy of measurement <*f the 
height of the barometric column, including 
errors of cat-bet ometry anft capillarity. 

In consideration of tlie above errors, it 
should he observed that, since the best Fortin- 
type barometers are consistent to 0 001 in. 
(002 mm.) in tb" measurement of uressure 
(this being generally regarded .is the limiting 
accuracy which can he. ex pee led of instruments 
of this design), it is desirable that a primary 
standard barometer should yield an accuracy 
of a*higher order, e.ff. 0 01 mm. or better. 

(a) With modern methods, a satisfactory 
vacuum should he readily attainable. A 
primary standard barometer should he 
designed so that the residual pressure in t^ie 
vacuum space admits of measurement from 
time to time ; for this pressure, though small, 
or even negligible at the initial setting up 
of the instrument, is liable to increase with 
time. 

(b) To a certain limit, probably correspond¬ 
ing to within j; 0*001 in. on the barometer in 
general, the mercury, as supplied by instru- 

1 Dufflekl, Ilritisfi Assoc, Rep., 1019, p. 92. 


inont makers in their Kcw and Forlin-type 
barometers, may be regarded as consistently 
pure. t 

Accurate determinations of tin; density of 
different sj>ecimenH of mercury purified by 
Tlifforent methods indicate variations of 
+ 0-0001 or even 0-0002 from the mean value, 
II1-5955 grammes per millilitre, generally 
accepted as the density of mercury at 0° (’. 
It is evident that the density of mercury 
should be specially determined for the liquid 
used in a primary standard barometer, if 
this differs*from the value generally accepted, 
•a correction should be made so that the 
instrument will yield pressures in terms of 
mercury of accepted density. 

(c) Since a change of 1° C. in the tempera¬ 
ture of the normal barometric column corre¬ 
sponds to a change of 0-005 in. (0-14 mm.) 
in its height, the measurement of the tempera¬ 
ture of a primary standard barometer requires 
the most re lined methods. It is desirable to 
limit each of the errors (a)-(d) to 0-0001 in. 
(0-002 mm.) at the most. This would neces¬ 
sitate measurement of temperature to within 
0-02° 0., which may bo regarded as very near 
the limiting accuracy attained under favour¬ 
able conditions by high-precision mercury 
thermometers. Under ordinary conditions, 
tffe temperature of the mercury in a barometer 
may vary a few tenths of a degree ( f U.) 
Ifl+ween the top and bottom of the column ; 
and, unless the barometer is arranged for 
immersion in a constant temperature water 
bath (which severely limits the design of the 
instrument), the problem of measuring the 
mean temperature of the barometric column 
with the required precision requires consider¬ 
able care, whether mercury thermometers are 
used or not. 

• (d) As regards the measurement <4 the 
height of the barometric column, the eat bolo¬ 
meter measurements can be satisfactorily 
made in terms of a scale whiehjias previously 
been calibrated by comparison with a standard 
of length. 

The method of reading jthe top of a mercury 
column has been referred to under § (5) (ii.), 
while the error due to capillary action c-yi be 
reduced so as to be negligible by making 
the barometer tube of sufficiently large 
diameter. 2 , 

It is usunl in primary standards to arrange 
the barometric column so that the upper and 
lower mercury surfaces are similar. 

In addition to any allowances that have to 
be made for the errors referred to above under 
the heads (a)-(tf), a number of relatively 
small corrections have to be applied before 
arriving at the final value of the pressure 
determined by means of a primary standard 
barometer. A full account of these errors is 
* See Table IT. In § (7)! 
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given in the publications 1 of the Bureau Inter¬ 
national, where one of the primary standard 
barometers of the Bureau is described. 

Briefly, the arrangement of this barometer 
is, in essentials, like that shown in Fig. 14. It 
is really a combined mano¬ 
meter and barometer, but 
may be considered here as 
a standard barometer in 
duplicate. 

Tubes 1 and 2 together 
form one barometric 
column with vacuum space 
at the upper end of 1. 

The open end of 2 can 
be put into communica¬ 
tion with the atmosphere 
or, in fact, any gaseous 
pressure to be measured. 

Tubes 4 ami 5 also 
constitute a barometer, 
with closed end at 4, 
and a lower reservoir 5 
communicating with the , 
atmosphere through a narrow, bent extension 
tube. 

The tube 3 is a supply reservoir containing 
mercury which is generally under diminished 
air pressure. The upper end of this tube 
may be led to a vacuum pump or temporarily 
opened to the air according as it is desired to 
reduce or increase the amount of mercury !h 
each barometer. ( 

Taps are arranged at the lower end of each 
of the tubes 1, 2, II, 4, and 5, so that the 
amount of mercury in the two hUrometeis can 
he adjusted independently. 

This arrangement allows of considerable 
variation in the volume of the vacuum space 
above each mercury column, and makes it 
possible for the residual pressure 2 in each 
space to be calcu¬ 
lated from comparisons 
made between the two 
barometers under 
various conditions of 
size of vacuum space. 

The internal diameter 
of the tubes, excepting 
the narrower extension 
parts, is 1*4 in. 

Temperatures are de¬ 
termined bye means of 
four high-precision 
mercury thermometers. 
For convenience, these are not shown in the 
diagrams. 

Fig. 15 shows, as simply as possible, the 
general arrangement of the barometer with 
respect to the eathetorneter. 

1 Travnnx ct MSmoircx, tome iii. 

8 Modern methods of measuring high vacua may 
be applied If -the upper portion of the, barometer 
tube b suitably designed. 


The latter consists of a pair of micromotor 
microscopes mounted on a vertical pillar P, 
which can rotate about a vertical axis. The 
scale of the eathetorneter is set up separately 
at S, so that it lies together with the axes 
of •'the tubes on the circumference of a circle 
with centre at 11 Suitable focussing arrange¬ 
ments enable the scale and the axes of the 
tubes to be brought exactly into the focal 
pfo.no of th(j microscopes, so that the height 
difference between two mercury levels may be 
measured directly in terms of the scale by... 
rotating the pillar P with its microscopes. 

For further particulars reference should be 
made to the original description published by 
the Bureau International. 

IV. The Aneroid Barometer 

§ (10) The aneroid (or non-liquid) barometer 
is an instrument which, while not susceptible 
of the same high order of accuracy as a 
mercury barometer, is a good substitute for 
the latter under conditions where tin; use of 
a mercury barometer is not admissible. 

Its operation depends in principle on the 
fact that a thin metal* disc or membrane 
responds elastically, to an appreciable degree, 
to the difference of pressure on its faces. 3 

(i.) Details of Construction. — Fig. lb shows 
full details of the mechanism of the aneroid. 



FlU. 1 (5. 

Notation. —A. tMctal base plate to which the 
aneroid mechanism is attached. 

B. Corrugated chkmher. formed by t wo thin 
metal diaphragms, called the vacuum-box. since it is 
thoroughly exhausted of air. It, is securely bolted 
to the hose plate A at the centre of the lower r 
diaphragm. 

Bridge which spans the vacuum-box B. 

J Compare the Bourdon (lunge, article “ Pressure, > 
Measurement of,” § (11). < 



Fig. ii. 


i 3 

/ 


P(0 M 


Via. )5. 
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DP. Adjusting screws which are used to raise or 
lower the bridge, thereby altering the tension on 
the vacuum-box B. 

K. Adjusting screw for setting the aneroid to read 
correctly at current atmospheric pressure. The head 
of this screw is seen in the back of most aneroids. ^ 

It provides a slow motion for raising or lowering 
the bridge (_', thus slightly adjusting the vacuum-* 
box system and therefore the reading of the aneroid. 

F. Steel spring which slides in the back of bridge (•'. 

G. Knife-edge (of triangular or sqi^re steel ro <f), 
passing through the stud of the vacuum-box and 
coupling the box with the spring F, which tends to 
opon the box by pulling strongly upwards. 

The spring and vacuum-box are coupled 
together by means of the knife-edge G. It 
should be noticed that as the vacuum-box is 
similar to a small circular metal box (closely 
resembling two lids of a tin can soldered 
together at their edges), it will be sensitive to 
changes of atmospheric pressure, and, when 
exhausted of air, will collapse as illustrated by 
Fitfft. 17 and 18. 

One of tfie functions of the steel spring F 
is to oppose this tendency of the vacuum-box 



FlCJ. 17. I’m. 18. 

Before removal of Air. After removal of Air. 


to collapse. When coupled to the box its 
tension should be equal to the pressure of 
the atmosphere on the two diaphragms of tl\p 
box. Under these circumstances the shape 
of the box does not return to that shown in 


Fig. 17, because the tension of the spring is 
applied at the centre of the diaphragtu, whereas 
the atmospheric pressure ^s uniformly dis¬ 
tributed over the face ot the diaphragm. 
The final shape of the vacuum-box will there¬ 
fore be somewhat like that illustrated in 
,, Fir/. 19, bu£ will 
depend largely 
upon the thickness 
of the metal mem¬ 
brane. 

As the under 
side of the vacuum - 
box* is secured to 
the base - plate ofj 
the aneroid, it is clear that the upper side 
will move upward or downward with the 
oontrol spring according as the atmospheric 
pressure decreases or increases. 



1j 

g.. 


—j---J 


Fig. It).—After coupling with 
the Control Spring. 


H. Bar or arm attached firmly to the spring so 
that its end gives a magnified movement correspond¬ 
ing to the movement of the vacuum-box. This bar 
contains a device for compensating the aneroid for 
errors due to changes in the tempei%ture of the 
instrument. 


I 1. Two supports or pillars fitted to base-plate A. 

-1. Bar, or regulator, working on steel points or 
pivots passing through the supports I I. 

If the illustration be carefully studied it 
will be noticed that there is a small rod passing 
from the end of the arm II to the side of the 
bar or regulator J. 

An increase in atmospheric pressure causes 
the arm 11 to move downward and the 
regulator J to rotate outward from the 
mechanism. An arm is set in an upward 
direction ffom the regulator d, which at 
its upper end magnifies the movement 
| considerably. 

| K. An arm or cock mounted on an independent 
pillar fixed to the base-plate. 

| L. Pin or arbor passing through the end of cock K. 

I The indicating needle of the aneroid (not shown in 

• diagram) is mounted on this pin. 
j M. Hairspring fitted to pin. 

I N. Chain of steel one end of which is fitted to the 
1 arm passing upward front the regulator J, the other 
; being secured to the pin L. 

j Concerning the more important parts of 
> the mechanism, the following are further 
particulars : 

j (ii.) Vacuum Chamber. —This is, in general, 
made of thin sheet German silver, corrugated 
i in order to produce greater Uexibilily of the 
; membrane. 

j The. corrugations may be made by stamping 
i <>r , by # spinning the membrane in a lathe. 

| The dVimeter of the membrane depends on 
the size of the instrument. It is usually a 
i little more than half that of the dial of the 
| aneroid, and s«f varies from 1 in. for a small 

• watch-size instrument to about .‘1 in. for 
| the largest aneroids. 

j As to the thickness of the metal membrane, 
there is a rather limited choice for the aneroid 
maker. Usually, f when German silver is 
employed, 0004 and 0-000 in. are standard 
sizes for most aneroids. An increase in the 
| thickness clearly results in a stiller membrane, 

! i.e. there will he less movement of the centre 
j of a the membrane corresponding to a given 
change of pressure. Consequently increased 
j magnification will be required in registering 
! this movement on the dial of the instrument, 
j On the other hand, if a thin membrane (e.g. 
0-002 in. gauge) is used it will, in general, be 
unduly distorted on * account of its greater 
flexibility, tlfe control spring operating at the 
centre of the membrane. 

Clearly there is a limit to the thinness of 
metal used in making up the vacuum chamber. 
In practice, it is found that German silver, 
0-002 in. in thickness, can only be employed in 
j the ease of a small watch-size aneroid where 
I the membrane is approximately 1 in. in 
’j diameter. Even then it is desirable to restrict 
its use to a short pressure-range. For longer 
| ranges on a dial of similar size, the requisite 
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magnification can bo obtained when a thicker 
membrane is used. 

(ierman silver is not exclusively used in 
making the membranes for aneroid vacuum 
chamber*. Steel diaphragms have been used 
with some success in diminishing the defect 
commonly known as “ creep,” which occurs 
to a greater or less degree whenever the 
membrane is strained by being subjected to 
large changes of pressure such as arc necessarily 
met with in aeroplane flights. 

Sonic aneroids are still made in this country 
with steel diaphragms. Tn at least one type 
of aneroid, phosphor - bronze is used a5 
diaphragm metal. 

(iii.) Lever System for Mechanical Magnifica¬ 
tion of the Movement of the Diaphragm of the 
Vacuum Chamber. —So far, no mention has 
been made of the kind of scale to be found on 
the dial of the aneroid, or of the precise nature 
of the magnification employed in transferring 
the movement of the vacuum-box diaphragm 
to flic movement of the indicator on the dial 
of the instrument. 

The exact arrangement of the system of 
magnifying levers depends on whether the 
instrument is intended to record pressures or 
altitudes, or both. Further reference to this 
point will be made under the subsection 
dealing with altimeter aneroids (§ (IS)). 

If the aneroid is intended to record pressures 
only, it is usual to arrange the suhdiv^siifhs 
of the pressure scale on the dial to b« more or 
less uniformly spaced throughout their range. 
Exact uniformity of spacing is resorted to 
in eases where a vernier is •'used with the 
pressure scale in order to read off fractions 
of a subdivision, but the use of a vernier 
with a pressure-reading aneroid is neither j 
usual nor to he recommended in general. 

The relation between the.amount of more- j 
ment of the centre of the vacuum - box j 
diaphragm and the pressure-change which j 
causes this movement is very nearly linear, I 
even for a pressure-change from 30 to 15 in. ' 
of mercury. # 

The amount of movement corresponding to • 
a pressure-change of 1 in. of mercury depends : 
upfrn a number of circumstances, chief of j 
which are : 

(a) The stiffness of the control spring. 

(b) The dimensions ef the vacuum - box, 
including the thickness of the diaphragms. 

(c) The material of the diaphragms, etc. 

A fair average estimate in the case of a 
single box of two membranes would be 0-005 
in. movement for a pressure-change of 1 in. 
of mercury. This movement is indicated on a 
pressure scale in which a nominal inch of 
mercury usually measures at least a linear inch 
(sometimes more, according to the openness 
of the scale), lienee, a magnification of the 
order 200 or more has to be obtained. 


Roughly speaking, a tweutyfold magnifica¬ 
tion is easily obtained by the lever system 
shown in Fig. 10, between the vacuum-box 
and the metallic chain. A further magnifica¬ 
tion of twenty may be obtained in transferring 
tli*- motion of the chain to that of the pointer 
/>n the scale, using the wheel and axle principle. 
Tile magnification is, generally speaking, 
tolerably uniform throughout the range of the 
pressure scale. 

Variationmagnification with the position 
of the pointer on the dial can be obtained 
by suitable arrangement of the angular posi¬ 
tions of the shorter levers (see § (18)). 

Of course, increased or diminished magnifica¬ 
tion throughout the range of pressure may ho 
obtained by suitable alterations of the lengths 
of the levers. 

§(11) Compensation of the Aneroid for 
Temperature. —The effects of temperature 
on the mechanism of an aneroid barometer 
are sufficiently marked to necessitate com¬ 
pensation in aneroids generally. f They are 
twofold in character, for in addition to the 
thermal expansion of the aneroid mechanism, 
particularly the diaphragms, there is a thermal 
change in the values of "die elastic moduli of 
The material of the vacuum-box system ; and 
the result of an increase in temperature is to 
make the diaphragms of the box approach 
one another. 

Commercially, an aneroid is called “ com¬ 
pensated ” if it has some device in it which 
will make the reading independent of tempera¬ 
ture at such pressures as occur at sea-level 
(^. e. at about 30 in.). This, however, does 
not necessarily amount to complete thermal 
compensation of the instrument. If the scale 
of “ compensate!I ” aneroid is correctly 
graduatedt at a given temperature for all 
pressures, it will *not necessarily be correct 
at another temperature for all pressures. 
The«existencc of a temperature coefficient to 
the scale value of an aneroid should not, 
therefore, be overlooked. In the majority 
of cases in which the aneroid has been com¬ 
pensated at a constant sea-level pressure 
this coefficient is small, but not necessarily so. 

Two methods are employed in practice to 
compensate aneroids for temperature changes. 
The better and sou niter plan is to make the 
long arm of tl#e lever system of two different 
metals, viz. brass and iron firmly brazed 
together. 

Actually, this arm is chiefly of brass, but a 
length of iron is inserted in the upper side. 
Owing to the unequal thermal expansion of the 
two metals (the expansivity of brass being 
greater than that of iron) the effect of an in¬ 
crease in temperature is to bend the bimetallic 
lever, making it slightly concave-upwards, 
i.e. towardsithe dial. This opposes the thermal 
expansion of the diaphragms, counteracting 
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the tendency of the diaphragms to approach 
one another under increase of temperature. 
With this method of compensation, the 
vacuum-box must be thoroughly exhausted. 
Mathematical investigation shows that satis¬ 
factory compensation over a large range * >f 
pressure and temperature is not likely to bo 
approached unless the box is thoroughly 
exhausted. 

On the other hand, it is a fairly general 
practice among instrument-inkers, while 
using the bimetallic device for indicating 
aneroids, to adopt the plan of leaving a little 
air in the vacuum-box system of self-recording 
aneroids. These latter instruments usually 
have a number of diaphragm-boxes in scries 
(up to six or eight.) for the sake of increased 
sensitiveness. In one or two of these a little 
air is left at quite low pressure, in order to 
oppose the thermal changes in the vacuum- 
box, the remaining boxes being thoroughly 
exhausted. Such compensation, is limited to 
a comparatively small range of temperature. 

Experiments made on diaphragms of a 
number of different metal alloys indicate, that 
the change of stiffness with temperature of an 
aneroid diaphragm-1 *9x is small for German 
silver, and distinctly larger for steel and* 
phosphor-bronze. 

In practice, it is found that even in aneroid 
mechanisms made as far as possible similar in 
dimensions and material, the thermal changes 
in each instrument requires individual com¬ 
pensation. 

§ (12) The Adjustment and Testing ok 
the Aneroid Mechanism in the Works. 
Although, generally speaking, each maker has a 
standard size of mechanism fur each type of 
aneroid according to the prAstire rangeland 
the size of tin? dial, it is necessary fco regulate 
each aneroid separately in <ftder to obtain the 
appropriate stiffness of tin* spring-controlled 
vacuum-box and the requisite magnification of 
the lever system. The need for this arises 
from the fact, that # diaphragms of tbecame 
thickness, diameter, and mode of corrugation, 
apparently similar, are not sufliciently alike 
in tlTcir elastic behaviour to enable aneroid 
mcehanisms to be absolutely interchangeable 
without the precaution of further adjustment 
and testing. • 

Consequently, in fitting together the com¬ 
ponent parts of the mechanism, means of 
adjustment are provided in at least three* 
places: • 

(a) At the legs of the bridge which supports 
the control spring, for the adjustment of the 
tension on the vacuum-box. 

(b) At the long arm of the lover system, 
enabling the length of this arm to be modified, j 

(c) At the regulator, where the turning j 
moment of the regulator can bo niodificd by : 
a slow adjustment screw. 


i 


(In addition, it is sometimes found useful 
to modify the effective length of the long arm 
of the regulator.j 

It should be noticed that the whole of the 
adjustment of the lever system cannot bo 
tlirown on to the regulator, because the 
function of the latter is to control not only 
the magnitude of the magnification, but. also 
its rate of variation with change of pressure. 

It is this latter provision which restricts the 
range of rotation of the regulator. (This 
subject will be referred to again in connection 
with the magnification mechanism of the 
Barograph (see § ( 18 ).) 

In connection with the calibration of 
aneroids, an instrument may be fitted with a 
truly uniform scale, or else the openness of 
the scale may vary with tin; pressure. The 
former is a little more difficult, as the angular 
position of the regulator requires more careful 
adjustment. 

In all cases a reference standard barometer 
is required in order to identify the indications 
of the aneroid, anil for this purpose a mercury 
barometer of the Kew pattern gauge type 
(described in § (!l) (v.)) is generally used. 

It is recommended that, <i thoroughly accurate 
mercury barometer should he selected for this work. 
Tt should have a comparatively large bore tube 
(0-4 in. or larger), and for preference a cistern of 
lar^c diameter. Such a mercury barometer would 
make thoroughly reliable reference si Hilda rd 
which, wi#h ordinary care, would require little 
attention for upkeep in the course of somf years. 

It is usual in the works to point ” olf a few marks 
on the dial of ifo? aneroid and find the pressures 
given by the mercury gauge corresponding to the 

point” marks on the dial. 1 The scale on the dial 
may then be ruled by reference to these “ point ” 
marks, using a dividing engine. 

^ (l.‘f) .-.Accuracy, Errors, and Defects 
ok Aneroids, (i.) .Ururaq/.- The accuracy 
obtainable from an aneroid barometer in the 
measurement of pressure is of a. lower order 
than that given by the average mercury 
barometer. Although an aneroid is sensitive 
to quite small changes of pressure, its reading 
cannot be relied upon to give the absolute 
value of the pressure to a precision shown 4>y 
one subdivision of the scale of the instrument 
(0 01 in. in short range aneroids to 0-05 in. 
for long ranges). 

Tho utility of the aneroid as an absolute 
pressure indicator is limited by gradual and 
appreciable changes in the internal structure 
of tho metal of the vacuum-box, and there is 
room for progress in the direction of stabilising 
the diaphragm with a view to securing greater 
permanence in the accuracy of the absolute 
readings. 


1 For this purpose the aneroid is placed in an 
air-tight chamber in wliich the pressure can be varied 
artificially. 
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The most justifiable use of the present-day 
aneroid is as a relative pressure indicator. 
Under good conditions, an accuracy of I 001 
in., or even better, can be secured with an 
aneroid in the measurement of differences of 
pressure extending to a few inches of mercurj^; 
but wherever an aneroid is used to give absolute 
values, it is highly advisable to compare it, at 
suitable intervals of .time, with a reliable 
mercury barometer, in order to obtain informa¬ 
tion as to the magnitude of the gradual or 
secular changes in the aneroid. 

In spite of this disadvantage, there is 
considerable scope for the use of an aneroifl 
as a precision instrument. 

The mercury barometer has its limitations. 
Although it is unrivalled as a reliable pressure 
indicator at land stations, its accuracy is 
reduced aboard ship by the oscillations of the 
ship and other causes, while its use in aircraft 
is largely impracticable. 

Consequently the aneroid, on account of its 


formly over the surface of the diaphragm. 
Even at 30 in. there may be a tendency 
for the internal structure of the metal of the 
vacuum-box to readjust itself gradually under 
the action of the tension in the diaphragms, 
Imt when the atmospheric pressure is dimin¬ 
ished considerably below 30 inches, with 
corresponding movement of the diaphragms, 
the tension in the latter will ho considerably 
increased. Consequently the diaphragms, 
though responding to the diminution of 
pressure, do not remain steady at the new 
pressure, but rhow a further small but gradual 
change in the same direction, in the course 
of time, while the same pressure is maintained. 
This change, or “ creep,” as it is technically 
called, may be represented as the accommoda¬ 
tion of the internal structure of the metal 
diaphragm under "shearing stress. Commen¬ 
cing with the application of the shearing 
stress, it may last days or even weeks before 
it becomes inappreciable. 


Inch 



i'lU. 20.—Curves illustrating ‘•Creel)” at Low Pressure. 


portability and general convenience, is in¬ 
dispensable on aircraft, and of considerable 
use, not only at sea, but for survey &nd ofiier 
work on land. 

(ii.) Errors and Defects —“Creep” and 
Hysteresis .—*Most important of all the defects 
to which the aneroid is susceptible is that 
generally known as “ creep.” « 

It will assist in the appreciation of this 
defect if a passing reference is made to Fuji. 
1?, 18, and 19, in which the vacuum-box is 
shown in three stages of development: 

(а) Before being exhausted of air. 

(б) Immediately aftef exhaustion. 

(c) After coupling up to the control spring. 

In ( a ) there is no tension in the membrane, 
while in (6) the diaphragms are clearly de¬ 
flected. In (c), although the tension of the 
control spring is arranged to balance the 
total atmospheric pressure on the vacuum- 
box at normal pressure (i.e. 30 in.), the 
diaphragms are still somewhat in a state of 
strain, since the tension of the control spring 
is applied ut the centre of the upper diaphragm, 
while the atmospheric pressure acts uni- 


Tfl give a concrete example*, the preceding 
curves (Ffj/. 20) represent the variation of the 
reading of an android barometer with time 
while maintained under a constant low press¬ 
ure* They may be considered typical of the 
I average aneroid. 

Tins I, )wcr and upper curves correspond to 
the pressures 22 and 14 in. of mercury 
respectively. In bofh eases the “ er^cp ” 
was measured from the time when the aneroid 
was submitted to the given low pressure. 

It will be observed that the “ Treep ” 
follows at least approximately an exponential 
law’ of variatidh with the time. * 

I Other conditions Isung equal, the adiount 
of “ creep ” will be increased : 

(a) The further the pressure is diminished, 

( b) The thinner the diaphragm. 

(The rate of diminution of the pressure 
also has an influence on the “ creep,” which 
is likely to vary in diaphragms of different 
material.) 

On the other hand, if the pressure, is restored 
to its initiifl value, say to 30 in., the aneroid 
will first read lower than initially by a quantity 
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of the same order of magnitude as the total 
amount of “ creep.” A recovery by a similar 
gradual process of accommodation of the 
internal structure then takes place, the curve 
of recovery being somewhat similar to that 
given in Fig. 20 inverted. If the pressure 
had been brought to some intermediate value 
instead of being restored to 30 in., only a* 
proportion of the loss due to “creep” at the 
lowest pressure would be recovered, and t|je 
aneroid would be compromised between a 
recovery due to a partial restoration of press¬ 
ure and a possible further “creep” due to its 
maintenance at a pressure below 30 in. 

(iii.) Influence of the. Rate of Change of 
Pressure on the Calibration of an Aneroid . 1 
From the foregoing reasoning it follows that, 
since an aneroid “ creeps ” to greater or less 
extent at any diminished pressure, the gradua¬ 
tion of the pressure scale involves a considera¬ 
tion of the rate of change of pressure. It is 
clear that in the case of mountain aneroids 
the rate of change of pressure, or climb, will 
be very slow, while for aircraft aneroids the 
rate is usually very quick. 

In the workshop it is desirable to calibrate 
aneroids following ^ quick rate of artificial 
change of pressure such as would he con* 
veniont and economical with respect to time. 

At the Government testing institutions, 
where aneioids are examined, the rate of 
change of pressure may he slow or quick 
according to the use to which the instrument 
is intended to lie put in practice. 

(iv.) Example of Influence of Time Factor 
on the Aneroid Heading at Low Pressure. 
The reading of an average aneroid, graduated 
from 30 to 23 in., is approximately 005 
in.^ higher at 23 in. following a very mnick 
diminution of pressure from 30 # to 23 in. 
(e.g. lasting only one or tvomiimitcs) than after 
a very slow diminution ^lasting about one 
hour). # 

For an average aneroid of range 30 to 10 
in., the corresponding discrepancy at 10 in. 
would he of the order in. * 

Incidentally, it is desirable not to confuse 
th# expressions “ lag ” and “ creep ” as 
applied to aneroids. The term “ lag,” as 
gene%lly understood in ils broadest sense, 
implies that the instriynent under considera¬ 
tion docs not immediately aryl fully respond 
to*t]jo changes it is intended to indicate. 

An aneroid barometer certainly respond* 
quickly to the changes of procure to which 
it is subjected. Whether the change is large 
or small, the instrument responds almost 
entirely within a minute of completion of the 
change. Under circumstances of very rapid 
change of pressure, such as occur to an aero- 

1 This particularly concerns the long-range instru¬ 
ments. The elTect on the calibration^ short-rango 
aneroids is not very marked. 


plane when the pilot is making a very rapid 
descent, it is not expected that the instrument 
w ill he free from lag. 

On the othei* hand, as Fig. 20 illustrates, 
an aneroid starts “ creeping ” to a greater or 
teas extent when put under a given diminished 
pressure. The exponential shape of (he curves 
may suggest a time lag indicating that the 
instrument may he approaching the true 
condition of deformation of the vacuum-box 
corresponding to the diminished pressure. 
Actually, however, the aneroid has quickly 
and fully •responded to the diminution of 
pressure, following the elastic laws <»f de¬ 
formation, hut owing to excessive straining of 
the diaphragm near its surface, and particu¬ 
larly near the centre, where it is pulled out 
by the control spring, changes in the internal 
structure of the diaphragm metal take place 
beyond the ordinarily recognised elaslie laws, 
and give rise to the phenomena designated 
as “ creep.” 

It may also he asked, What differences are 
found between the falling and rising readings 
of the aneroid at. any given intermediate 
pressure, if the lowest pressure is maintained 
for only live minutes or so, before the return 
to initial pressure is commenced ? Fig. 21 



Fin. 21.—Curves illustrating the Amount of 
Hysteresis in the Average Aneroid when sub- 
• mitted to a Pressure Cycle. 

(Compiled from particulars of aneroid tests at the 
National Physical Laboratory, ami arranged to 
represent a mean of the various sizes in wliirh 
aneroids arc made.) 

shows curves illustrating the average differ¬ 
ence founds between the errors of the scale 
for diminishing and increasing pressures in the 
course of laboratory tests on aneroids. 

Though illustrating “creep,” they arc also 
known as hysteresis curves. 

In the above diagram it has been assumed that 
the pressure scale of the aneroid has been correctly 
graduated with pressure diminishing in accordance 
with the most usual rate of test at the laboratory 
( i.r. 1 in. per 5 minutes). 

Tiie curved lines BC, B'C', B"C", ami B"'(J'" 
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represent the errors with pressure increasing from 
20, 22, IS, and If, in, respectively, the residual 
errors at 30 in. corresponding to the four different 
pressure cycles being AC, AC', A<#', and AC"'. 

Further examples might be cited of the behaviour 
of aneroids under diminished pressures, but ujl 
would be illustrative of what has already been 
described us “ creep.” 

(v.) Limitation of the Amount of “Creep” 
in an Aneroid. —Varioils attempts have been 
made to reduce the errors consequent upon 
“ creep.” 

During the Great War a large* number of 
aneroids were made not only for barometric 
purposes, but as height indicators— i.e. alti¬ 
meters- in aircraft (to which reference will be I 
made in § (18) (iv.)), and the question of i 
reduction of “ creep ” was given considerable 
attention both before and during the war. 
As a result it was shown that the source of 
the “ creep ” lay almost entirely in the vaeumn- 
hox, a negligible proportion being due to the 
control s]»ring. 

Two methods are feasible for diminishing 
the creep : 

(а) .Judicious selection and treatment of 
the diaphragm metal for making the vacuum- 
box. 

(б) Judicious control of the stiffness of the 
elastic system, including both spring and I 
vacuum-box. 

The former was attempted with s<qjie | 
success by the use of a vacuum-box*with 
diaphragms of steel, tempered glass-h&rd. 

The latter method depends upon the follow¬ 
ing consideration: t 

The source of the bulk of the error due to 
“ creep ” has been located in the vacuum-box, ! 
not in the control spring. If the spring is i 
made stiff or, so that its response to a given j 
force is smaller, the combination of the spring 
and vacuum-box is stiffen* if cnee, as tin* 
movement of the vacuum-box in response to a 
given pressure-change is smaller, the shearing 
stress in the‘diaphragms is relatively smaller 
corresponding to that pressure-change, and I 
consequently the “ creep ” is smaller. • 

This has been expressed mathematically by j 
Hewey. 1 This theorem is very important from ! 
several points of view, and can l>e made the basis 
of a mathematical analysis of the performance of an 
aneroid in terms of the features of the component 
parts of its mechanism. Starting with^the definition 
that the stiffness of a body, or of a system of bodies, 
is the ratio of the force applied to the deflect-ion 
produced, the theorem states that if *S is the stiffness 
of a coupled system consisting of two component 
parts whose stiffnesses are. tt 1 and »S 2 , the relation 

S M-VS> 

is satisfied, where X is a dimensionless constant 
characteristic of the component to which the external 


force is applied, being unity if applied at tho 
coupling. By differentiation 


f/S -- X{</Sj -t-f/N„) — ^ 


. ( ,l *i 


I (AS.,). 


Il^jice the fractional change in the stiffness of tho 
! coupled system, in terms of the fractional changes in 
•the stillnesses of the components, due to any cause 
whatever, is 


</8 (AS, dS„ 


i where rj denotes 


S, 

«.+fV 


By applying this relation, and considering tho 
fractional variations (AS/S, etc., to be due to “ creep" 
alone, it appears that a vacuum-box having in 
itself a given “creep” dS l ,'S 1 would, if coupled to a 
perfectly elastic steel spring (i.e. with (/S a /S 2 --0) 
twice as stiff, give a system with only one-third tho 
“creep" of the vacuum-box alone. 


Note .—The magnification given by the lever system 
Would need to be correspondingly increased, since 
in this method the reduction in “creepy is obtained 
by sacrificing sensitiveness of movement ot the 
diaphragm-'. 

(A further reference to the inlluence of “creep" 
upon the performance of^ present. - day aneroids 
# will be given under the heading “Altimeters” (seu 
$ (18) (iv.).) 


(vi.) Errors due to Friction of Mechanism, 
etc. -In linking together the component parts 
of an aneroid mechanism, a compromise must 
be made between errors or inconsistencies in 
the reading of the instrument, due to friction 
and those due to backlash consequent upon 
loose jointing of the lever system, metallic 
ePain, etc. A hair-spring is lilted to the pin 
which carries the indicating needle in order 
to ta^e ii}> this backlash. 

In a goqjl aneroid these.* mechanical errors 
are quite small. The extent of their magnitude 
can he seen by tupping tlx* aneroid from 
different sides and holding it in a variety of 
positions. In general, the indications of an 
aneroid vary slightly according as the instru¬ 
ment fc. read in the horizontal or in t lie vertical 
position. This difference depends upon tho 
way in which tho parts of the aneroid •are 
balanced. 

One important defect which prevents t^more 
extended use of tin; aneroid in practice is the 
susceptibility o/ the instrument to slow and 
usually progressive changes, in course of ^me, 
ilt- ordinary atmospheric pressures. In tho 
ease of aneroids that have boon subjected 
repeatedly to low pressures, such a progressive 
el: mge is not surprising. 

With meteorological aneroids used only for 
sea-level pressures, i.e. for the range .‘11 to 27 
in., it would he expected that once tho aneroid 
were set to read correctly by comparison 
with a standard mercury barometer it would 
not need readjustment for some time. Such, 


1 J. Wash. Acad. AW., lf>10, vi. No. 16. 
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however, is not the case, as the diversity of 
readings of many a household aneroid baro¬ 
meter will suggest. Aneroids take some time 
to settle down to a comparatively stable state 
after being first put into use. 

It is wise, therefore, not to rely implicitly 
on the aneroid for absolute readings, bflt 
rather for differences of pressure. In many 
eases there are occasions for comparing its 
readings with irfdependent values of the atmo¬ 
spheric pressure. Where the instrument is 
found to read increasingly low, a leakage of 
air into the vacuum-box may be suspected. 
Nowadays this trouble happens but rarely. 

§ (14) Tub Aneroid Barograph. — (For 
Mercury Barograph see § (3) (vi.).) 

Fig. 22 shows a normal pattern aneroid 
barograph, or self-recording barometer. 

The type illustrated is of short range, suitable 
for meteorological purposes at or near sea- 



I'jg. 22. 

level, where the range of variation of atmo* 
spheric pressure is but a few inches of mercury. 

It will he seen from the ^lustration that 
the control spring of the type usually tilted 
to an indicating aneroid is ahscflt. Jt is 
general practice in inukig" barographs to 
insert a suitable control spring inside each 
vacuum-box. # 

Broadly speaking, the mechanism of the 
indicating aneroid iswetained, except tlu# the 
metallic chain operating the indicating needle 
is replaced by a long pcti lever, which traces 
out the record on a uniformly revolving drum, 
driven by clockwork. 

Whet! a barometer is made self-recording, 
it is usually at the expense of accuracy, which 
is limited by the friction of the flen and some¬ 
times 5iy a lack of balance of the component^ 
parts of the mechanism. In good barographs 
these disadvantages are satisfactorily small, 
and do not outweigh the advantages offered 
by a self-recording instrument. 

In the field of aeronautics there is a demand 
for a self-recording aneroid for certain classes 
of work. In several of the height records 
attempted by pilots during the last decade, 
the estimation of the height attainted by air¬ 


craft has been based on sealed barographs 
which were tested in the laboratory .and 
checked at the conclusion of the Might. 

On account of progress in aviation, attention has 
been given to the long-range, barograph. Its calibra¬ 
tion in tlie workshop presents .somewhat more 
difficulty than the short-range instrument. Beyond 
» a certain limiting pressure, generally in the neighbour¬ 
hood of 15-12 in., but dependent on the dimensions 
of the vacuum-box, the ’movement of the metal 
diaphragms loses consistency, and departs from the 
general linear law of deflection with pressure which 
is obtained at higher pressure. 

It is natural that the accuracy of an aneroid 
barograph should deteriorate with increasing range. 
On the other hand, the graduation lines of the chart 
are loss openly spaced than in the short, range 
instrument. , 

The recording mechanism of the average barograph 
may leave much to he desired, if the instrument is 
used on aircraft, owing to vibration and also to 
backlash in its parts. Kxpcrimonts have been made 
oil barographs in which these errors have been 
diminished by making the record oil a different 
principle. In one case an instrument was developed 
which recorded photographically by means of a 
narrow beam of light reflected from a small mirror 
; actuated by the vacuum-box system of the barograph, 

I the record being traced on sensitised paper on the 
revolving drum. 

This is but one example of the possibilities of 
development of the barograph, which in its present 
form has scarcely reached a condition of finality 
suel^as aviators would desire. 

• 

t 

V 

§ (15) The Barometer in Practice,— 
With the exception of meteorological work, 
there are, in general, different fields of use 
for the aneroid and the mercury barometer. 

Among the many uses to which barometers 
are put nowadays, the following should be 
mentioned as be in if the most important: 

(i.) Weather Forecasting .—Systematic use of 
barometers and other instruments is made by 
the Meteorological Office, which i.*? responsible 
for the collection of information required for 
thew purpose of weather forecasting. Instru¬ 
mental observations are made on a com¬ 
prehensive basis in order to ascertain the 
distribution of atmospheric pressure, not only 
over the British Isles but, in conjunction with 
other countries, over the Northern Hemisphere 
generally. * 

This involves barometric readings taken both 
on land and at sea. In the British Isles 
there are a number of officially recognised 
stations which daily, or in many cases more 
frequently, send their observational data to tho 
Meteorological Office. At sea, observations are 
made on tlie atmospheric pressure by mcana 
of a mercurial marine barometer of the typj e 
described in § (3) (iv.). -*nt 

(The limitations to the accuracy of aml 
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mercury barometer in the measurement of | 
atmospheric pressure are discussed in § (8) 
(ii.). Some of these factors refer equally to 
aneroid barometers, but tin latter are not so 
generally used as the former in connection 
with official weather forecasting.) , 

An outstanding advance has been made dur¬ 
ing the past decade in the investigation of the* 
meteorology of the upper atmosphere. This 
has been done by sending up small registering 
balloons, each supplied with a set of record¬ 
ing instruments called a meteorograph. The 
instruments are exceedingly light anti of 
compact design, and are referred to else¬ 
where. 1 

(ii.) Surveying. — Considerable use is made 
of the aneroid barometer for surveying 
purposes, but care should be taken not to 
overrate the performance of this instrument. 
Accurate results can bo obtained front the 
aneroid under suitable conditions, but if it 
is used under extended ranges of pressure or 
height, then it follows that much care is 
needed in dealing with the errors due to 
instrumental and atmospheric conditions (sec 
Part VI. § (10) on the “Determination of 
Heights by the Barometer”). 

The most justifiable use of the aneroid for 
survey work lies in the evaluation of heights 
intermediate between two given contours 
which have been accurately determined by 
other methods (c.g. by means of a theodolite), j 
This requires relative measures of height only, f 
and for such interpolation work th<$'surveying ' 
aneroid is usually provided with a uniformly j 
spaced scale of heights in addition to its * 
pressure, scale. 

The accuracy obtainable in determining the j 
height of a given station by reference to two ' 
known stations depends on a number of J 
circumstances. For interpolation over ranges i 
up to about 3000 ft. at >ve sea-level, )t is j 
possible to obtain an accuracy of ; 10 foot, 1 
using an aneroid of the best quality and j 
sensitiveness, in which errors of friction and 
backlash in the mechanism have been satis¬ 
factorily minimised. Such an accuracy wuilcl 
represent the best attainable limit under 
special circumstances. In surveying by inter¬ 
polation at high altitude, the/ final errors are 
considerably larger. 

It is highly desirable that the instrument should j 
be; well compensated for changes in its temperature. 
In a number of cases the accuracy obtainable in this 
survey work is limited by the incomplete thermal 
compensation of the aneroids employed, 
pa.w, .ra&Jw Jrintion .—The basis of the determina- 
c * he barometer is 
,S-=A(S l | S 2 ) ogether with 

is satisfied, where \ is a dimensionless eonst’/J baro- 
characteristie of the component to which the external ( 

not 


(iv.) Physical and Chemical Delcrminations.'~¥oc - 
those purposes the mercury barometer is ordinarily 
used, since the barometric precision demanded 
generally exceeds that obtainable from an aneroid 
barometer. There are occasions, however, on which 
an aneroid may more readily ho used, though with 
sacrifice of accuracy. 

The use of the barometer .is incidental to 
many operations of a physical or chemical . 
nature, some involving high Accuracy, others 
only a mofVrativo accuracy. In special cases, 
such as the determination of some physical 
constants, and in certain measurements and 
standardisations of a fundamental nature, the 
barometric factor is of high importance, and 
sometimes limits the final accuracy of the 
determination. 

In many cases the work requires the use of a 
manometer, ora manometer in conjunction with 1 
j a barometer. Further reference to this point 
: is made in Part VII. § (19) on “Manometers.” 
i Suffice it to mention but two such in- 
| stances where high precision is required of* 
j the barometer. 

i The determination of the boiling-point on a 
j thermometer is dependent on the measurement 
j of atmospheric pressure. A change of 0-27 
1 mm. in the pressure corresponds under normal 
1 conditions to a change of 0-01° (J. in the 
boiling-point. An accuracy of 0-01 ° ('. is often 
demanded in calibrating thermometers, and 
in the determination of the primary funda¬ 
mental thermometer standards a still higher 
order of precision is required. 2 

Similar barometric accuracy is demanded 
in the maintenance of precision standards of 
mass, for the reason that the fundamental 
and legal standards are of platinum, a metal 
which is too costly for sub-standards of mass, 
which are usually of considerably less dense 
material.' Consequently, in comparing the . 
sub-standards wfth the fundamental ones, 
high precision is required in the evaluation 
of the buoyancy correction, and this incident¬ 
ally demands high barometric accuracy for 
the determination of air density, 

VI 

§ (1C*) The Determination of Heights by 
the Barometer. —In climbing from one level 
to another, whether on land or in the air, it 
is found that the pressure, temperature, and 
• density of the atmosphere as a general rule 
decrease. 

As the variation of pressure with height is 
the most considerable of these three quantities, 
the barometer has, in consequence, been 
used as a means whereby atmospheric heights 
can 1*0 obtained. In aircraft, where a 
knowledge of the height attained in flight is 
obviously useful, the barometer offers practi- 
4 1 See “Thermometry," § (3) (v.) Vol. I. 


1 J. Wash. Acad. Sci., 11)10, vl. No. 10. 
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iV cally tho only method of determination. There I 
are other methods for determining the height | 
of aircraft fcoin without. These have been j 
successfully developed during the war. ' i 
(i.) Fundamental Formulae. — The deter- j 
initiation of heights by a portable barometer j 
depends, in the first instance, upon a know- | 
ledge of the relation between heights and ♦ 
• pressures. A theoretical investigation of this ! 
rolation will bo found in the article “ Atmo* | 
sphere, Physics of ” (§ (1). # 

'•‘It is there shown that the assumption that ' 
the temperature is constant and equal to T° 
absolute leads to the formula 

RT 

n = , -,, 

( J ,() B10 C 

which at sea-level in latitude 45° becomes 
in feet 

U -=221 IT (logjo/q - log l0 p a ), 
and in metres 

11 -07 IT (b'gjuPi -log 10 p a ), 

T being measured in absolute Centigrade ; 
degrees. If the temperature deerease uni- | 
formly with tho height according to the law 

T -T, - pH, <| 

where Tj is the temperature at zero height, j 



and this, assuming a fall of (5-5° 0. per kilo¬ 
metre, gives us the value for 11 in metres: 


It is, however, clearly impossible, owing to 
the extensive vertical gradient of atmospheric 
temperature, to select a single value to re¬ 
present accurately the mean atmospheric 
temperature for all heights. Consequently, 
although the isothermal formulae (wilh pro¬ 
perly selected temperature) may be justifiably 
used as an accurate means of determining the 
difference in height between two levels at 
which the pressure and temperature are known, 
any table of corresponding heights and press¬ 
ures based on the isothermal formula, with 
one fixed value of the atmospheric temperature 
fyr all heights, can, at’ the best, be only 
approximate. 

In the past, the isothermal type of formula 
has generally been used in the determination 
of heights by tho barometer. It received 
international sanction some years ago, and 
was incorporated in the most recent (18110) 
edition of the International Meteorological 
Tables. 

Effect of Variation of Gravity 1 with Altitude, In 
the formulae arrived at so far, gravity lias been 
treated as constant throughout the range of altitude 
considered. The elfeet of taking into account its 
small variation with altitude in deducing the height 
formula would naturally be to alter the shape of the 
formula and unduly complicate it. Sullicient accu¬ 
racy* is obtained by assuming gravity constant and 
equal to the mean value over the range of height 

considered. 

• 

(ii.)°77ie Old International Meteorological 
Fornuda for computing Heights from Pressures. 
—The formula given below is, in the main, 2 
that adopted by the International Meteoro¬ 
logical Committee in their tables for the 
determination of heights by the barometer : 


Though the logarithmic formula given afiove i 
is based on* the assumption,of an isothermal i 
atmosphere, it can be shown by observations j 
to give high accuracy in the determination i 
of heights, provided the assumed isothermal j 
temperature T is taken equal to the mean 
atmospheric temperature over tho l^ight I 
fConsidc'ml. 

Nrynerieal values of the height-difference 
between two hypothetical stations have been 
worked out from those two formulae for 
several* particular cases, including large and 
small variations of pressure and temperature, 
taken at random with sufficient* range to test 
tho formulae severely. In general, the two* 
formulae yield height-values wjjiieh are in 
agreement to within 1 part in 1000, provided 
that the mean value of the atmospheric tenf- 
peraturc between the two stations is employed 
in tho isothermal formula, while a uniform 
gradient of temperature detined by the tem¬ 
peratures at the two stations is assumed in 
using tho other formula. In no ease does the 
discrepancy exceed l part in 500, * 


Notation. — h, —Altitude of lower station in metres, 

A 2 — Altitude of upper station in met nr, 

* T — Moan # atmosphcric temperature be¬ 

tween the two stations expressed 
iu absolute degrees, 

T 0 —Absolute temperature corresponding 
to the melting-point of ice, 

0 —Mean pressure of aqueous vapour iu 

• the air column between the 

stations (supposed in the same 

vertical line), 

tj = Mean pressure of the air in tile 
column between the two stations, 

\ —Latitude of the stations, 

p.« Atmospheric pressure at \ .. 

r I expressedm 

lower station, 1 ., 

. . . *the same 

p % — Atmospheric pressure at j a 

upper station, J 

1 The value of gravity at a height of 10 kilometres 
is less than that, at sea-ievel in the same latitude by 
1 part in 300. 

* Sec Tables Mfflorologiquc* Internationales, 

published by (iauthier-Villars, Paris, in 1800. 

3 If pressures are obtained by means of the 
mercury barometer, the readings of the instrument 
should be corrected to the same temperature, and 
gravity. - 
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Formula : 

x (1 + 0'0025i) c<» 2\) x (l + 6 *' 7 |^ 4 ) l„g„ * 

This formula consists of six factors, which 
arc designated as 1 

A, B, 0, 1), E, F 

for the sake of further explanation, so that the 
formula may be written r 

Aj'/ipAxBxCx I) x E x F. 

(A.) The factor A, equal to 18400 for alti¬ 
tudes measured in metres, is computed from 
the expression 

T 0 x R 

F x f/45 

(§ (10) (i.)), including the elementary log¬ 
arithmic formula arid barometric constant 
without relinemeuts for gravity and humidity, 

where It is the gas constant for dry air with 
normal content of carbon dioxide. 

/ t = log l 0 e. 

<j n is the value of gravity at mean sea- 
level in latitude 45°. 

) 

(B.) B, equal to T/T 0 , is the temperature 
factor. 

It is obviously very important, sinte the 
altitude varies directly as the mean absolute 
temperature of the air column. For accurate 
determination of heights by e the barometer 
every possible effort should be made to obtain 
the value of T as accurately as possible. 


In the International Meteorological Tables, k is 
written as <p/T], 

where </> —mean pressure of) 

aqueous vapour | lietwcen the two' 
t] — mean pressure of j stations, 
the air J 

and the correction factor (J for humidity is 

1 

1 - 0-378(</>/??)' 

The correction for humidity can only be mado 
approximately. According to the tables, its 
maximum effect does not exceed 0-5 per cent of tlio 
calculated altitude unless the mean air-column 
temperature T exceeds 283° A. 

(D.) In the determination of the barometric con¬ 
stant A, standard gravity (fJ Vt ) was assumed. For 
the measurement of heights in another latitude A, 
the constant A must be multiplied by 

f/ ‘ r \ i.c. by (1-|-0-00251) cos 2\). 

9 

This factor docs not influence the calculated altitude 
by more than 0-3 per cent. For Knglish latitudes 
the effect is 0-1 per cent, the corrective factor 1) being 
less than unity. 

(10.) Corrective. Factor for Variation of (1 rarity with 
/{eight rthnre Mean Sca-lerel .— 

If i/ n ^ value of gravity at sea-level in a given 
latitude, 

(jh l -value of gravity at height /q in a given 

latitude, 

9hz “value of gravity at height h 2 in a given 
latitude, 

R = radius of earth in metres, 

' Jht 1,(1 (it | A,) “' A '( l It') 


The factors, <■, I), and K are relatively less im¬ 
portant than A, B, and F. 

Their combined effects do nr>t, in general, exceed 
1 [>er cent of the calculated value of the altitude. 

((.'.) Humidity Factor .—The density of aqueous 
vapour is 00^2 relative to air. A given volume of 
moist air weighs less than the same volume of dry 
air at similar temperature and pressure. Hence, 
for a given pressure difference between two stations, 
the altitude is greater the greater the humidity of 
the air. 

’The factor <\ therefore, always exceeds the limiting 
value I for dry air. 

Consider an elementary volume of dry air of unit 
mass. If we substitute for it the same volume 
of moist air, of humidity k, at the saiwe pressure and 
temperature, we get a resulting mass 

] k \k x 0-622 = I -k <0-378. 


' The corrective factors H and K given above arc 
expressed in a somewhat different form in the pub¬ 
lished tables. For simplicity, most of the numerical 
terms given in the International Tables are retained, 
though more reeent determinations of physical and 
geodetic constants have resulted in slightly different 
values. 


withjmflicient accuracy, and similarly 


r/o (1 


theii'iore the mean value of gravity 
/q and h 2 


0 



between heights 


and the corrective factor 


J)« 


0 


*. ' A* \ 

15371104/ 


R being taken as 0371104 meln*s. 'J’he effect of 
this factor is about 5 ft. on altitudes up to 10,000 ft,. 
^ (F.) The formula is logarithmic on accounted the 
assumption that the temperature of tile air column 
is constant IsHwcen the two stations. (Gravity is 
also assumed constant.) 

The justification of these assumptions lias already 
been considered in § (10) (i.). 

If heights arc (*xpressed in feet, the value 
of the constant corresponding to 18400 
becomes 00308. 

Further,’if a mean atmospheric; temperature 
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50° F. is assumed, as has usually been the 
practice in England, in graduating the scales 
of height indicators, the international formula 
becomes 

h., - h L - 62579 log 10 ^ (feet), 

Vi 

as a simple modification without introducing 
such refinements as the corrections for gravity 
and humidity. 

(iii.) The. Measurement of HeightsHn Practice. 
—Provided the barometer does its part 
faithfully, the determination of heights by 
this means is an operation which depends 
primarily on a knowledge of the distribution 
of temperature throughout the atmosphere, 
and secondarily on the humidity of the air. 
The latter factor is usually neglected. 

The atmospheric temperature at any given 
height is so variable that it is impossible to 
lay down a numerical relation between heights 
and pressures which is more than approxi¬ 
mately true in general. 

(a) Pas is of Height Scales in England. —In 
adapting the barometer to measure altitudes 
by means of a height scale instead of (or in 
addition to) a pressure scale, some numerical 
relation must be chosen as the basis of conver¬ 
sion from pressures to heights. The relation 
first adopted was given by the late Sir George 
Airy, Astronomer Royal, in 18(>7, and is still 
known as Airy’s Table. 1 

It served as the basis of graduation of the 
height scales of aneroid barometers used for 
surveying or mountaineering purposes. Mer¬ 
cury barometers were not used in this way for 
direct indication in blight units. 

Airy’s table was confined to a range of 
heights of 0 to 12,000 feet, and was base<J on 
the supposition that the mean atmospheric 
temperature between any t.vo given heights 
was 50° F. No information was given {loc. 
cit.) as to the values of the constants from 
which the table was calculated, but its basis 
can easily be shown to be the logarithmic 
formula: 

0 h 2 — 62759x log^^ 1 (feet). 

Vi 

It appears that Airy, in using the logarithmic 
constant 02759, assumed an average value of 
the humidity of the atmosphere, since, the 
heights given by his table are about 0-3 per 
cent higher than they would have been on the' 1 
assumption of a dry atmosphere. , 

The predominating influence of atmospheric 
temperature on the accuracy of height deter¬ 
mination was recognised by Airy, who added 
to his table instructions for correcting the 
height for deviation of the observed tempera¬ 
ture from the assumed value, 50° F. 

With the development of aviation came a 


demand for height-measuring instruments. 
Clearly, a mercury barometer was impracti¬ 
cable, and accort^ngly the aneroid barometer 
was used, its pressure scale being replaced 
by a scale of heights, from which it became 
krtown as an altimeter aneroid. Though at 
first, in the more experimental stages, the 
altimeter scale may have been based on Airy’s 
table, a rather different standard basis of 
graduation was adopted by the Government 
for English altimeters. This is shown in the 
following table: 

# Table VIII 

Basis ok Graduation of English Altimeter, 
Aneroids 


Pressure. 
(Inchon nf 
Mercury.) 

CiiiiTupuinliiii! ! 
Altitude. ' !i 
(F,-t.) ;j 

PrwwiiM*. 
(Inches nf 
M*»mir.v.l 

(■<im-Hjii»n<lint; 

Altitude, 

(I'.vt.l 

33 300 

-30(H)* 

17-803 

1 l.(HH) 


■•2000 

17-217 

15.000 

31 021 

-1000 

• 10-590 

10.(MH) 

29-900 

0 

15-990 

17,(KM) 

28-820 

-| lOOO'f 

15-118 

18,(KM) 

27 779 

2<MM) 

14-801 

19,1 MM) 

20-775 

30(H) 

14-324 

2(>,(MM) 

25-807 

4000 

13-807 

21,000 

24-875 

50(H) ■ 

13-308 

22,001) 

23-977 

0000 

12-827 

23,000 

3S-111 

7000 

12-304 

24.000 

22-270 

8000 

11-917 

25,000 

21-171 

20-095 

9000 

11 -487 

20.000 

](),(XH> 

11-072 

27.0(H) 

18-948 * 

11.000 

](M;72 

28,1 MM) 

19-227 

12,000 

JO 280 

29,(MM) 

J 8-533 

13.000 j 

. *L _ ' 

9-915 

30,(HM) 


• Descent. t Ascent. 


Nates. —1. The mean temperature of t he at Unisphere 
over any given range of altitude lias been taken as 
r»o i<\ (nr v.). 

2. Tlie zero of altitudes has been arranged to 
correspond to tile pressure 29 900 in. 

3. Pressures are given in terms of inches of mercury 
at the same temperature and gra\ity. 

4. The above table is based on the formula: 

U,-Jl,~603<W „L :■ InL'.u 

•It.i ''“/'a 

• (-(12570 lo Kl0 j|;), 

where T, the mean atmospheric temperature between 
two given stations, has been taken as 283 abs. (50 Ff), 

Pi Vi being the pressures \ at the lower and upper 

H, ll 2 being the altitudes f stations respectively, 

T being expressed in absolute degrees. 

This is the simplest approximation to the complete 
formula adopted in the old International Meteorological 
Tables. 

5. The above table should not bo confused with 
Airy’s Table of Altitudes which is still generally Used 
in graduating surveying aneroids. Airy’s table makes 
an allowance for the moisture content of the atmo¬ 
sphere, ami therefore gives altitudes which are 
greater than those shown above by about 3 feet per 
1000 feet. 

( h) Basis of Graduation of Altimeter Seales 
in Other Countries .—In the United States the 
mean atmospheric temperature, 50° F., has 


1 Proc. Brit. Mel. Soc. ill. 400. 
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also boon taken as the basis of graduation of 
height scales. The formula adopted there 
is not, howe.vcr, quite the same as in this 
country, since a different allowance has been 
made for atmospheric humidity 

in European countries where the metric 
system is in vogue, it has been customary to 
graduate height scales on the supposition of 
a mean atmospheric temperature 0° C. This 
basis cannot, however, be said to represent 
universal practice on the Continent. 

§ (17) Atmospheric Conditions, (i.) 
Errors of the Headings of Altimeters due to 
'Variations of Temperature of the Air .—Of all 
sources of errors to which the indications of 
altimeters, in general, are susceptible, whether 
instrumental or atmospheric, the temperature 
of the atmosphere gives the most trouble, not 
so much on account of its Variation with height 
as by reason of its variation at a given height. 

Reference to the altitude formula in § (lb) 
(i.) shows that the true height corresponding 
to a given pressure change is proportional to 
the mean atmospheric temperature over the 
height considered, expressed in absolute 
degrees. In view of the fact that the annual 
mean temperature of the atmospkero at sea- 
level differs but little from 50° F., it is clear 
that tho higher the altitude, the further does 
the mean atmospheric temperature depart irom 
50° F. Consequently the percentage orror as 
well as the absolute error in the uncorrocted 
indication of the altimeter increase" with the 
height. 

In consequence of the actual temperature 
being generally lower than the assumed 
value, the indications of the altimeter are 
usually too high. The pioneer work done 
by \V. II. Dines in the investigation of the 
upjrer atmosphere has enabled satisfactory 
estimates to l>e made of the probable errors 
of assumed atmospheric temperatures at 
various heights. Working from this informa¬ 
tion, Dobs« n 1 has calculated the probable 
n y" -ors of the indications of a standard Air 
for n ivV a ^i ,n °I° r2 due variations in atmo- 
thc ahitude‘ rn P enituro alone. The diagram (/’*'</. 
t f H . ,,j r from Dobson’s Report, and shows 


Having regard to the fact that as a general, 
rule the aviator has no opportunity to make - 
adjustments of his altimeter or to apply 
corrections to its readings whilst in flight, 
it is desirable for tho scalo of the instrument, 
to be designed so that the uncorrected readings 
may lie as accurato as possible. This condition 



I Altimeter Error (feet) due to Atmospheric 

0 Temperature 

Fig. 28. 

° 

| is secured by making it conform to average 
! conditions. 

By choosing the relation which has been 
found empirically to represent actual atmo¬ 
spheric conditions on the average, and making 
it the basis of graduation of height scales, the 
altimeter could be improved in so far that, on 


Tho factor <', thepf this error, at a given height, | the average, its indications would be correct, 


value* 1 for dry air. probable frequency with which 
Consider an element# m given limits, 
inass. If we substitute uiryes lie almost entirely 
of moist air, of humidity k, at 0 f zortr error, i.e. in 
temperature, we %et !i resulting ... t() too an 


1 -k vk v. 0-022 


j £ .^the point that 
-»n heights and 


I 


though individual readings would err oi either 
side of the corrects value according to the 
atmospheric conditions. 

For the sake of comparison, Fig. 2$ (also 
taken from Dobson’s Report) shows for various 
heights the*’probable distribution of errors 
in the indications of a hypothetical altimeter 


--—-atmospheric 

1 The corrective factors 15 ami K Riven 
expressed in a somewhat different form in the , 
lished tables. For simplicity, most of the numei 
terms Riven in the International Tables are retaimdftce 
t IiourIi more recent determinations of physical arm 
geodetic constants have resulted in slightly different >- 
values. 


with its scale graduated on the basis of tho 
average corresponding values of height an,d 
pressure, as found empirically by Dines (see 
Table IX.). It will be observed that while the 
range of error at a given height is tho same 
in Figs. 2.'J»and 24, the average error in Fig. 24 
is zero. Y 
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Table IX 



Tkmpehatukk in Degrees Absolute ('kntiqkade, Pressure in Millibars, and Density 

IN (iltAMMKH I’Ett (-UBIC METRE AT DIFFERENT LlS\ Kl.S 


Height 

in 

Kilometres. 

England, S.E. 

Europe. 


Canada. 


Equator 


T. ' 

V. 

1). 

T 

i: 

I). 

T. 

r- 

a 

T. 

mb. 

1). 

a. 

mb. 

g/m*. 

* a. 

mb. 

, R/m‘. 

a. 

mb. 

R/m\ 

a. 

K/m\ 

20 

21!) 

55 

87 

219 

55 

87 

214 

54 

8(1 

193 

55 

in 

19 

219 

04 

102 

219 

04 

102 

215 

03 

102 

1!)!! 

«» 

m 

18 

219 

75 

119 

219 

75 

119 

214 

74 

121 

193 


i:i5 

17 

219 

88 

139 

219 

88 

139 

211 

87 

144 

193 

90 

102 

10 

219 

102 

102 

219 

102 

102 

211 

102 

109 

•« 

107 

191 

15 

219 

120 

191 

219 

120 

491 

211 

120 

198 

198 

128 

225 

14 

219 

140 

223 

219 

140 

223 

212 

142 

233 

203 

152 

201 

13 

219 

104 

201 

219 

104 

201 

214 

107 

208 

211 

178 

294 

12 

219 

192 

305 

218 

192 

307 

210 

195 

:iu 

219 

209 

331 

11 

220 

224 

355 

219 

225 

358 

219 

228 

305 

227 

244 

274 

10 

OOP 

201 

409 

222 

202 

411 

22,'i 

200 

415 

235 

283 

419 

« 

228 

303 

403 

227 

305 

407 

229 

309 

470 

243 

327 

409 

8 

234 

352 

524 

239 

353 

528 

230 

358 

528 

251 

370 

522 

7 

241 

407 

589 

241 

408 

' 592 

243 

413 

592 

258 

430 

581 

0 

248 

409 

058 

248 

470 

001 

251 

475 

002 

205 

491 

045 

5 % 

255 

538 

735 

255 

538 

735 

258 

543 

733 

272 

558 

714 

4 

202 

015 

BID 

201 

014 

819 

204 

018 

815 

279 

032 

789 

3 

208 

099 

909 

207 

099 

913 

270 

703 

905 

285 

713 

871 

o 

273 

795 

1014 

272 

794, 

1017 

275 

798 

loll 

290 

803 

908 

1 

278 

900 

1128 

277 

899 

1128 

278 

903 

1134 

295 

903 

1007 

0 

282 

1014 

1253 

281 

1014, 

1258 

282 

1017 

1258 

300 

1012 

1174 


•The (inures for Canada above 15 km. arc somewhat doubtful, and for the Equator very doubtful, owing 
to paucit y of observations. * 

Tor further information, see the Computer's Handbook , also Geophysical Memoirs, No. 13, published by tho 
Meteorological Office, London. 

On this hypothetical basis the probable 
error of the indications of the altimeter due 
solely to variations of atmospheric temperature 
would be : 


Foot. 


Foot. 


I 150 at 10,000 altitude 
i 320 at 20,000 ,. 

-J - 500 at 30,000 


Metros. Metres. 

T 45 at 3000 altitude 
+ 95 at 0000 •„ 

1150 at 9000 „ 


Note ,—The chance that tin* probable error will be 
exceeded is equal to the chance that It will not be 
exceeded. 

While the adoption of such a new scale 
would doubtless improve the average alburacy 
of the indications of the altimeter, the utmost 
ncouraey in the ease of individual readings 
can only be obtained by correcting the 
indications in accordance with the particular 
distribution of atmospheric temperature on 
tlio occasion of reading. This would involve 
tho^uso of a thermometer in conjunction with 
^hc altimeter, together with a computer *>r 
some means of making tho ^correction for 
temperature. 

In a number of cases in practice, only 
approximate heights are required, and tho 
existing altimeter aneroid meets their require¬ 
ments. In special branches of aircraft work 
greater accuracy is needed, and an altimeter 
graduated on tho empirical height-pressure 
relation would bo welcomed, ovtai though in 



Altimeter Error (feet) due to 
Atmoepherio Temperature 

FIQ. 24. 
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cases where exceptional accuracy is required 
further correction would have to be made for 
variation of atmospheric temperature from the 
average. ' 

(ii.) The “Standard” Atmosphere. —Whilo 
it is recognised that the time has come fer 
the scales of new altimeters to conform with 
average atmospheric conditions, it is not vet 
agreed how best to represent the average atmo¬ 
sphere. International agreement on a common 
basis would be desirable wherever practicable. 
For England the average atmospheric con¬ 
ditions of temperature differ but .‘•lightly from 
those for Middle Europe, but for countries in 
low latitudes a different basis would be called for. 

In choosing the best basis of graduation, 
eit her a table of empirical values of correspond¬ 
ing heights and pressures or an algebraic 
formula may be used. As far as accuracy 
is concerned there is little to choose between 
the alternatives, since a simple formula can- 
be made to express the average facts with 
sufficient accuracy. A formula, however, has 
distinct advantages for interpolations, and 
has been suggested as a basis of altimeter 
scales in preference to a table. 

Two such formulae have already been put 
forward, and have received international 
sanction. The first is Korean's formula— 

Tlit) 

2 -= (15320 + 8*051* - 0*00551*-) log I0 p , 

where 2 is the required height in metres,. aSd 
P the pressure in millimetres of mere try. 

This formula 1 has been adopted by the 
Federation Aeronautique Internationale in 
1919, and is the basis of tables’ issued by that, 
body and accepted by the Royal Aero Club of 
Great Britain. 

Toussaint, 2 on the other hand, has suggested 
the exponential formula— 

Vz /288 - 0*0055 A r, * 2!ifl 
P« A 288 ) * 

where 1*2, like. P 0 , is the pressure in millimetres 
corresponding to z metres height; 
and 

P 0 is the pressure at the zero of heights. 

This formula is based on the linear law' of 
verfieal gradient of atmospheric temperature 
given in § (10) and defined by 
T = 288 - 0*00652, 

where T is the temperature, in absolute 
degrees, at height z metres, the temperature 
at sea-level being taken as 288° abs., for if wo 
write 

we find t A'*' 3 ’ 

Vt i V To / 

1 Comptn t Rendu*, Dec. 1919. < lxix. 1023- 

* Met. 59, Advisory Committee for Aeronautics, 
Dec. 1919. 


which, on substituting the numerical value, 
gives Toussaint’s formula. 

Both Korean's and Toussaint’s formulae 
make no pretensions to the highest accuracy, 
but are designed to represent the average 
conditions in the simplest way. F. J. W. 
Vt nipple 3 has discussed them in detail, and 
has suggested a somewhat modified Toussaint 
formula— 

p 1n .,(28r, — ( HXXSfc)^ 5 1 
< 285 

as being the best to employ as basis in the 
graduation of altimeters. (Note .—1 n this 
formula the pressure I* is measured in milli¬ 
bars, the value at sea-level being taken as 
1015 mb.) 

The whole matter is at present under 
consideration both by the Meteorology and 
Navigation Sub - Committee of tlu; Aero¬ 
nautical Research Committee, and by the 
British Engineering Standards Association. 
At the time of writing no now specification 
has been issued for the graduation J .»f altimeter 
scales. Although it seems possible that a 
new altimeter scale may he established in the 
near future for the general use of aviators, 
special eases may arise where a knowledge of 
the altitude is required with greater accuracy 
than that given directly by a new altimeter 
scale. In such cases an appropriate correction 
should be applied for the deviation of actual 
conditions from average conditions. Alterna¬ 
tively, the altimeter may be replaced, or 
supplemented, by an aneroid barometer, and 
the height calculated from readings of the 
pressure together with any temperature obser¬ 
vations that may have l wen taken during the 
flight. Whipple (Joe. rii.) has given tables for 
this purpose. 

The basii?, of graduation of altimeter scales 
has also been considered at some length by the 
Air Ministry in a report 4 entitled “The Meas¬ 
urement of Height by Aneroid Altimeter.” 
Instrumental methods of correcting the scale 
readings of the present-day altimeter for 
changes of atmospheric temperature are also 
discussed in this report. 

§ (18) Instrumental Considerations. 
(i.) Adaptation of the Aneroid Mechanism to a 
Uniform Seale of Heights. — Fig. 25 shoAs the 
dial view of a normal altimeter aneroid 
accepted by t-hfe Government for use in the 
Air Service. The instrument has an adjust¬ 
able zero, i.e. the dial is capable of rotation 
by thumbscrew so that the zero of heights 
may he brought opposite the indicator needle 
at the commence men t of a (light. At the 
same time the dial is stiff enough not to bo 
adversely affected by vibration of the aircraft. 

Because the zero is adjustable, the gradua- 

3 Met. 1 \.aAeronautical Research Committee. 

4 Met. 104 (1921), Aeronautical Research Committee . 
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tions on the dial must be uniformly a paced, 
otherwise the altimeter would give inconsistent 
values of the height difference. 

The arrangement of the lever mechanism of 
an aneroid so as to yield an equi-spaced scale 



Fig. 25. 


of heights can be satisfactorily performed in 
the average instrument. Its principle is the 
same fundamentally for both indicating and 
self-recording altimeters, and can be under¬ 
stood on reference to the diagram. Fig. 20, 
which shows in a simple form, in elevation, 
the lever system of magnification usually 
adopted in altigraphs. 

FE shows the pen lever, F being the pen- 
point. E represents the end view of what is 


known as the regulator in aneroids, DE being 
an arm of the regulator, linked up through 
the arms UD and ABC to the vacuum-boxes 
V.* A, C, and I) are pin-joints which move 
with the operation of the mechanism. B and 
E ar% fixed, except that usually an independent 
slow motion of B upwards and downwards 
is provided by a thumbscrew, for the purpose 
of adjusting tho pen to read zero altitude 
when required. 

Note.- -The arm ABC is free to turn about B, while 
tho pen lover FR and the arm El) are free to turn 
together about E, the angle FED being constant. 

The response of the vacuum-box to changes 
of pressure imparts a vertical motion to A 
(and therefore to 0) very nearly proportional 
to tho change in pressure. Tl*e amount, of 
movement of A and C in the horizontal 


direction is small. For all changes of pressure 
over a considerable range, equal increments 
of pressure impart equal amounts of rotation 
to the arm ABC* but will not generally corre¬ 
spond to equal angular movements of the 
arm ED. 

If E1) is horizontal and its range of move¬ 
ment small, approximately equal angular 
movements will bo obtained corresponding to 
given equal pressure changes, and consequently 
a uniformly spaced scale of pressures can be 
obtained. This vs the case in the barograph 
illustrated In Fig. 22. The approximately 
horizontal position of the regulator arm (corre¬ 
sponding to 1)E) in this illustration should 
be noted. 

Usually the arm DE is short, and its angular 
movement often ranges over 30° or 40°. 
Hence, on account of the relatively large 
movement of D in circular motion, the rate 
of angular movement of DE with change of 
pressure will increase considerably as DE 
passes from the horizontal to the vertical 
position. In this way twofold or even three¬ 
fold magnification can be obtained at dimin¬ 
ished pressures compared with the correspond¬ 
ing magnification at the initial pressure. A 
study of a table of sines or cosines will give 
an impression of the scope of variation of 
magnification by this means. It should be 
observed that on the basis of graduation used 
fur height scales, a change of atmospheric 
pressure^ of 1 inch of mercury corresponds to 
about 

900 feet at ground level (i.e. at about 30 
inched pressure), 

1350 feet at 11,000 feet altitude (i.e. at 
about 20 inches pressure), 

2700 feet at 30,000 feet altitude (i.c. at. about 
10 inches pressure). 

% 

In short, the height equivalent of 1 inch 
of mercury varies inversely as the pressure, 
whereas the variation of magnification of the 
lover mechanism is largely a cosine function. 
Although it is easy to select two angular 
fmsitions of DE giving the correct relative 
magnification corresponding to the initial and 
maximum height, the magnification obtjyncd 
in intervening positions may not correspond 
sufficiently with that required by the height- 
pressure relation. Generally speaking, this 
arrangement of the system of magnifying 
levers has been worked out satisfactorily in 
the trade, though largely by method of trial 
and error, both for altigraphs and altimeters. 
In the latter case, the lever system is illus¬ 
trated by Fig. 27. The arrangement of the 
magnification is largely dependent on the 
length and angular position of the arm DE. 

In eases where the circular motion of a 
single arm through a considerable range does 
not give the desired results at all parts of the 
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scale, some improvement may be obtained by 
combining the variation of magnification 
produced by two such angular movements. 


To spindle carrying pointer 



Fia. 27.—Altimeter Mechanism (not drawn to scale). 

The most satisfactory way to solve the 
magnification problem for a nuinbet* of aneroids 
of different ranges and sizes is to make A 
large-scale model of the lever mechanism and 
find experimentally the requisite lengths of 
levers and their angular positions correspond¬ 
ing to the specific problems to be solved. A 
model lever mechanism, say twenty-five times 
the normal aneroid dimensions with arms of 
adjustable lengths, might well he used not 
only as an illustration, but as an accurate 
measure of the relation between the final 
aneroid reading and the amount of movement 
of the vacuum-box. 

(ii.) Note, on the Adjustment of the Zeros of Altigraphs 
and Altimeters. - In the type of lever mechanism 
illustrated in Fig. 20, it should tie noticed that when 
the altigraph indicates zero height the angular 
position of the arm l)E and the magnifying pot or 
of the mechanism arc fixed. In order to satisfy the 
logarithmic height-pressure relation, the magnifica¬ 
tion must vary inversely as the pressure, i.t the 
magnifications of the mechanism at the'pressures 
29, 30, and 31 in. must lie ^ : t, 1 ,, : Hence 

strictly the zero of altitudes on the chart can 
correspond to only one pressure,* and a definite- 
eon vent ion should be adopted for setting such 
instruments without violating this principle. This 
is a point which seems to have been overlooked in 
the designing of some altigraphs. The arrangement 
whereby the initial height reading cannot be adjusted 
without altering the angular* position of the ! 
mechanism is unsound in principle. It would be 
desirable, to mark opposite the height zero of an 
altigraph the og responding pressure for which the 
instrument is adjusted. 

In the case of an indicating altimeter aneroid, 
zero reading is obtained at, the commencement of a 
flight by rotating the dial. This does not interfere 
with v the magnifying power of the mechanism. 
Consequently the accuracy of the altimeter readings 
should be independent of the actual pressure, at the 
starting-level, to within small limits in a carefully 
made instrument. 

( 

(“i-) Effect of Change* in the Internal 
Structure of the Metal of the Vacuum-box .— 
Jn a perfect aneroid the exact relative posi¬ 
tions of the component parts of its mechanism 
at a given fixed pressure would be permanently 
fixed. 

The vacuum-box is not, however, a perfectly 
elastic structure. Small departures from its 
initial condition take place, which in the course 
of time accumulate. As a result, the position 


of the regulator arm J)R of the mechanism 
(lig. 27) is not wholly permanent for a given 
pressure, and a small and probably progressive 
change of magnification takes place in course 
of time. This secular change is more important' 
in, an altimeter than in an aneroid barometer. 
In the latter, the magnification is usually at 
least approximately uniform over the working 
range of pressure, whereas it is arranged to 
vary up to two- or even three-fold in the alti¬ 
meter. It ip usual in specifying altimeter 
aneroids to arrange that the indicator needle 
shall he vertical (the dial being vertical) when 
the atmospheric pressure is 29-90 in. of 
mercury. 

In this way altimeters in which consider¬ 
able secular changes have taken place since 
their manufacture can be detected and re¬ 
turned to the instrument makers for readjust¬ 
ment and overhaul. 

In the case of aneroid barometers, the effect 
of a secular change on the relative accuracy 
of the scale values is not so marked, and the 
reading may be regulated from time to time 
by means of the setting screw at the base of 
the instrument after comparison with a suitable 
standard, say a reliable lhercury barometer. 

‘ (iv.) Errors due to “ Creep ” or Hysteresis .— 
(l.he nature of these errors has already been 
discussed for aneroid barometers. See § (13).) 

The British Government specifies a certain 
standard of quality of aneroid mechanism in 
respect of hysteresis. The criterion of this 
quality is the average difference (or else the 
individual differences) between the errors of 
the rising and falling indications of the alti¬ 
meter at each 1000 feet of altitude. The 
following table shows the maximum values 
permitted. They refer to hypothetical flights 
made with a’timeter aneroids under laboratory 
conditions of test, i.e. at a given rate of ascent- 
and descent, without spending any consider¬ 
able time at the summit of flight. 


Table X 

«r 


Maximum Periniatiilile Value of 


the Average Pilfert-iice hetwifl 

Altimeter. 

IndfeuT: .:i. . • t:,. \: : •, . -..i 
each 101)0 Feet of Altitude. 

Fai-t. 

Feet. 

0-10,000 

' H 140 

0-20,000 

•f 360 

' 0-30,(M0 

-1 720 


Note .—In comparing the performances of altimeter 
and barometer aneroids it should he remembered 
tnat the height-equivalent of a given pressure change 
is about three times as. large at 30,000 ft. altitude as 
at sea-level. 

The above figures represent average values 
over the whole range of flight indicated. On 
return to staiting-level, the residual error is 
smaller than this average. 
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The following figures correspond to the same 
standard of quality of the aneroid mechanism 
as that indicated by Table X. 


Table XI 


, Range of Flight. 

(No i.rotrm'L'il HUi-y lit 
Summit.) 

Ei rur of Altimeter, 9 

immediately on u-turn to the 
Starting-level. 

Feet. 

/'Vet. 

0-10,000 

+ p 

0-20,000 

-1*00 

0-30.000 

+ 250 


Noti’s. —1. The above tlguros refer to laboratory 
Conditions of test in which the pressure at 0 ft. 
altitude is the same at the commencement ami 
completion of the flight. They may be taken as 
representing the maximum residual hysteresis effect 
on return to starting-level after a steady flight, 
Without protracted stay at the summit, or steep 
descent to ground. 

2. In the course of a prolonged stay— p.q. one hour 
or more—at the summit of llight, the indications of 
the altimeter would undergo a considerable amount 
of gradual creep, part of which is present temporarily 
on return to itarting-levcl. 

3. Tests made on standard-pattern altimeters of 
different, makes indicate that the residual error on 
return to starting-level after a llight to 10.000 it. 
altitude may be as large as 

150 ft., corresponding to a stay of 1 hour at 10,000 ft. 
200 ft. corresponding to a stay of 1 day at 10,000 ft. 

It should be observed that an altimeter 
nearly always reads too high on return to 
starting - level ; and in view of the above 
figures, the instrument cannot be used to give 
accurate heights near ground-level in order to 
assist, the air-pilot in landing. In fact, the pilot 
would already have reached land before his 
altimeter indicated a return to starting-level. 

Even if the residual error were small, or if 
an allowance for it were practicable, the pilot 
would require to know the different between 
his starting- and landing-levels, and also the 
change of ground-level pres&uro during flight, 
before the altimeter could be relied upon to 
assist him in landing. 

(v.) Other Instrumental Errors. — (Se^ also 
$ (13) under “ Aneroid Barometers.”) 

The indications of altimeters arc subject 
to sflmo uncertainty owing to the vibration 
of aircraft. The error involved is likely to 
vary \ipth the typo of machine flown, and it 
is difficult to specify for an altimeter a vibra¬ 
tion test that will cover all .errors of this 
nature that may occur during flight. 

(vi.) Mercury Altimeter Gauges .—In general, 
aneroids are tested and calibrated by com¬ 
parison with a standard mercury gauge. In 
the caso of altimeter aneroids for aircraft 
purposes, which are usually made without a 
scale of pressure, the calibration work has 
been much facilitated by making mercury 
standards graduated in heights following the 
same height - pressure relation that laid 
down for the aneroid instruments. 


Such a mercury standard is essentially a 
“station” instrument i.e. it measures hypo¬ 
thetical heights—and is not itself moved from 
one height to another. 

In the workshop and test laboratory, 
altimeter aneroids are set up inside a vacuum 
chamber to which a standard mercury alti- 
1 meter gauge is connected, and cheeked by 
moans of comparison readings made at various 
artificial pressures. 

The mercury altimeters sufTer from the 
disadvantage that their scale divisions are 
of necessity hot equi-spaced. Consequently a 
vtrnier cannot be used to read off fractions 
of a subdivision. This has to be done by 
estimation, or else the pressure must be slowly 
adjusted so that the mercury is exactly 
opposite a scale division mark. 

On the other hand, these mercury altimeters 
give correct hypothetical height differences 
independently of the temperature at which 
they are used, for owing to the logarithmic 
nature of the height scale the change in 
height indication, corresponding to a given 
change of temperature of the instrument, is the 
same for all heights. If the design of such 
an instrument permitted of its being used for 
mountain climbing, it would be necessary to 
correct the mercury column at each observa¬ 
tional station to a standard or reference 
temperature before heights could be read off. 

» 

% 

* VII. Manometers 

(Excluding high - pressure manometers, 
micromanometevs, and gauges for measuring 
high vacua, which are referred to in the 
articles on “Pressure, Measurement of,” Yol. I., 
and “Meteorological Instruments” in the 
present volume.) 

iy (19).—A manometer may bo regarded as 
an instrument fo? measuring the difference 
between two pressures which occur simul¬ 
taneously, and may be either palurally or 
artificially controlled. The barometer, as 
generally understood, is a particular ease of a 
manometer in which one of the two pressures 
is zero. 

In manometry, as in barometry, the 
fundamental hydrostatic principle in general 
use is that of balancing the gas or vapour 
pressures against the weight of a column of 
liquid whoso height is taken as a measure of 
tho difference of the two pressures adiug at 
the ends of the liquid column. 

All liquid manometers of the range included 
in the scope of this article are of the U tube 
(siphon) type, or some simple modification of 
it. Aneroid manometers—i.e. those instru¬ 
ments which are not of tho liquid typo— are 
dependent on liquid manometers for their 
standardisation. 

Provided that the density of the liquid 
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employed j« known, and also the local value 
of gravity, accurate manometry is a question 
of accurate cathetomet ry in the measurement 
of the height of the liquid column. 

In a large number of cases, the magnitudes 
of the pressure differences to lie measured by 
the manometer are considerably smaller than 
the normal atmospheric pressure, so that there ' 
is a choice of liquids in manometry, though 
mercury is generally the most suitable. 

There is a wide and varied field for the 
use of manometers. Chemical and physical 
conditions governing the measurement of gas 
and vapour pressures often limit the design 
of the instrument and the nature of the 
manoinetrie liquid used. In a few cases the 
use of liquid is inadmissible, and an aneroid I 
manometer becomes essential. 

A variety of types of manometer will be j 
considered, commencing with the simpler and j 
more fundamental designs. 

(i.) The Simple U -tube ( Siphon) Mano¬ 
meter .—The simplo siphon manometer is so 
familiar that it hardly needs discussion in this 
article, except as regards its use when measure¬ 
ments of high precision arc required (§ (20)). 

With the exception of certain modified 
designs used for small pressure differences, the * 
siphon type of instrument suffers from the 
drawback that the liquid-level has to be fead 
in each, limb of the siphon before the pressure 
is obtained. Consequently, unless the pressure 
is either stationary, or varying sjpwty and 
uniformly with the time, a limit is set to th; 
result ing accuracy owing to changes of pressure 
which may take place duri»g the interval 
between the reading of the two liquid-levels, 
especially if a thermostat is not employed. 
The form of the siphon manometer has been 
modified so that only one liquid level need be 
road, the scale being calibrated, at static 
pressures or under conditions approaching 
static as nearly as possible, by means of a 
reference standard mercury manometer. 

(ii.) Modifications of the Simple Manometer , 
using One Liquid only. — Figs. 28, 29, and 30 
illustrate some slightly modified instruments 
in which either mercury or other suitable 
lit^uid may be used. In form they are similar 
to some of the types of mercury barometer 
described for measuring atmospheric pressures, 
except that the manometer tube is open at 
the top. They can be used to measure pressure 
differences up to 800 mm., or more, without 
becoming cumbersome to manipulate. 

All three types shown correspond in prin¬ 
ciple to the Kew pattern barometer (§ (3) (iv.)), 
i.e. only one meniscus-level is read in each 
instrument, the reservoir being made cylin¬ 
drical so that the change in level of the liquid 
in the tube is proportionate to the change 
in pressure to bo measured. Each instrument, 
therefore, requires a uniformly spaced scale, 


contracted to an amount depending on the 
relative dimensions of the reservoir and tube. 
By making the diameter of the reservoir very 



large compared with that of the tube, the 
movement of the liquid in i he index tube is 
very nearly 1 in. per 1 jn. change of pressure, 
whereas in the simple siphon manometer with 
uniform bore of tube throughout, a change in 
pressure of 1 in. would result in a change of 
half ail inch in the liquid level in each limb of 
the instrument. 

With mercury as the manoinetrie liquid, 
the instruments shown hi Figs. 28-30 could be 
used to give a general accuracy of H 0-05 mm., 
if the tube is of .j-in. bore, provided the 
reservoir is of sufficiently large diameter (seo 
remarks under § (7) (ii.) (h)). It would be 
necessary to calibrate these instruments by 
comparison with a suitable reference standard 
manometer. 

Of the three types illustrated, errors of 
levelling are minimised in the first, where the 
tube and reservoir arc eo-axial. This instru¬ 
ment may be fitted with a scale and vernier 
in nftich the same way *as a meteorological 
mercury barometer, but would not give 
indications near zero owing to the nature of 
the reservoir. The other two instruments 
could he graduated down to zero, but would 
require careful levelling. The third mano¬ 
meter (Fitf. 30) entbodies a modification, 
suggested by ’Menard. 1 There is a trap at 
6ach end which prevents the eseajie of liquid 
when the instrument is inverted. Menard 
has made the liquid traps with narrow orifices 
so as to impede the flow of the air or gas 
through them, thus damping the oscillations 
of the liquid consequent upon sudden pressure 
changes; but this object may be attained in 
all three instruments by suitably constricting 
the lower part of the tube. Whenever eon- 

1 Comptes Rendu*, 1920, clxxi. 1129. 
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striction is resorted to, great care should he 
taken to keep the instrument clean so that 
the constricted portion does not become 
stopped up with dirt or sediment. 

Jf the liquid used in the manometer is not 
mercury, its level is determined by reading 
the bottom of the meniscus (instead of the 
top when mercury is used). In reading liquid- 
levels the meniscus should be suitably shaded so 
as to appear black against a white background. 

(iii.) Modifications of the Si'phot?Manometer 
for Measuring Small Pressure Differences. —In 
the direction approaching micromanometry 
the simple siphon manometer has been modified 
so as to measure small pressure differences - 
e.y. from 0 to 30 mm. of mercury—with high 
precision. The design is based on the prin¬ 
ciple of the tilting U-tube developed by Lord 
Rayleigh 1 and others. In its original form 
this instrument contained two fiducial points, 
one in each axis of the two limbs of the gauge, 
and was mounted so as to admit of being 
tilted by a measured amount in the vertical 
plane containing the two jmints. 

By tilting the manometer and adjusting 
the amount of mercury in it, simultaneous 
contact can be made* between the mercury 
in each limb of the instrument and the re-' 
sportive points. 

From the measured inclination, together with 
the previously determined distance between 
the two fiducial points, the difference of level 
of the two liquid surfaces can bo obtained. 

Provided that the two points are sufficiently 
far apart, the accuracy of this type of mano¬ 
meter is limited only by the accuracy of 
setting a liquid level to a point (see § (f») (ii.)\ 
in connection with the same problem in baro- 
raetry), for the amount of tilt given t<4 the 
instrument is capable of far better propor¬ 
tionate accuracy. 

Rayleigh’s tilting mercufy manometer was 
proved to measure with an accuracy of * r ,Y. o 
of a millimetre of mercury, pressure differences 
ranging from 0 to 1-5 mm. t 

Tiie tilting manometer is by no means 
limited to this small range. 8cheel and 
Hetfle 2 have modified the instrument so as to 
measure pressure differences up to 5 mm. of 
mercury with the same accuracy, viz. 200 a 
mm., and in another instrument (loc. nil.) have 
succeeded in raising the upper lipiit of measure¬ 
ment* to 30 nun. without loss of proportionates 
accuracy. 

The principle of the tilting liquid manometer 
has been widely adopted, especially for accurate 
work in tho measurement of air-speeds in 
aerodynamic laboratories. Instruments de¬ 
signed for this purpose are rather to he 
regarded as mieromanometers. For this 
work the use of fiducial points as level indi- 

1 Hoy. Sor. Phil. Trans. A, 1901, cXcvi. 205. 

8 Zeits. Instrumentenh ., 1909, xxix. 341-349. 


eators is tedious, and an exceedingly useful 
sensitive indicator has boon devchqxxi by using 
the movement of^tlic meniscus separating I wo 
liquids in a manometer as a means of bal¬ 
ancing the pressure difference between the 
lic.bs of tho instrument. 3 

(iv.) Other Precision Liquid Manometers. - 
The accurate use of a manometer is of the 
utmost importance in many experiments of a 
fundamental nature in the determination of 
physical constants. In some cases the final 
accuracy of such experiments is limited by the 
precision obtainable from the manometer. 
Owing to different conditions regulating the 
use of manometers in these eases, e.g. magni¬ 
tude of pressure range, temperature of 
manometer, etc., it is impracticable here to 
give a detailed account of the various mano¬ 
meters used and the method of reading them. 
The following is just one of many examples 
of important work involving the use of a 
manometer with high precision. 

(a) Manometer with two Liquids moving in 
Limbs of Different Diameter. — Fig. 31 illus¬ 
trates the main outline _ 

of a manometer used by 
.Jaeger, 4 in which pressure 
differences were measured 
with an accuracy of + O-OOo 
nnif. of mercury. 

The instrument illus- 
tr;«led has a range of 30 
mm. of, mercury, but 
admits of extension to 
measure higher pressures. 

Tho primary •object of 
.Jaeger in using this type 
of manometer was to 
avoid reading two liquid 
levels, as in the simple 
mmeury siphon barometer, Fig. 31. 

a procedure which may 
be very troublesome with a varying pressure. 

Octane and mercury were used with this 
manometer, the specific gravity of the latter 
liquid being twenty times that of tho former. 
The use of mercury was dictated by chemical 
considerations. Actually, as will be seen later, 
the presence of a second liquid does not improve 
the sensitiveness of the manometer. 

Let A—the area of cross-.'.eotion of each cylindrical 
bulb. 

a — the leva of cross-section of the index tube, 
x — fc.«e lev<?l of the lighter' 
liquid in the index tube 
y — the level of the heavier 
liquid in the left bulb 
s = the level of the heavier 
liquid in the right bulbj 
—the density of the lighter liquid. 
p 2 -thu density of the heavier liquid. 



measured above 
any given refer¬ 
ence level. 


* “ Pressure, Measurement of,” Voh I. 
Roy. Acad. Amsterdam Vroc ., 1914, xvii. 12. 
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The pressure difference P measured by l-he mano¬ 
meter is 

(* r ~ //)/•* 1 - " y)p 2* 

* 

and by differentiation 

rfl* -(«k - dy)p i - (dz - di/)p 2 . 

Assuming constant temperature, the constancy of 
volume of the two liquids in t he manometer leads to 

ad* Ad>/ -- - Adz, 



Case I .—When the manometer contains one liquhl 
only, c.g. the lighter one 



The multiplication factor of the instrument is then 
the reciprocal of the right - hand side of this 
equation, i.e. 

A p, 
a i-A '/q 

if pressures ure measured in units of mercury. 

Case IT .—For two liquids in the manometer, the 
multiplication factor of the instrument corresponding 
to the movement of the lighter liquid in the index 
tube is 

1 

(i - (Va)W/vi -Va 

As an example, the ratio p i /p l may be takei^ as 
approximately 20 for mercury and octane, *hile if 
the boro of the index tube is 2 mm., utfU the bore 
of each bulb is 40 mm., 



and the value of the multiplication factor in Case If. 
becomes 18-22. In Cast? I. the corresponding factor 
is 19-05. 

For the two liquids refefted to, the multi¬ 
plication factor can never exceed 20, neither 
can it bo lqss than 10, the minimum value 
corresponding to a simple U-tube of uniform 
bore throughout. 

For further details of the working of this 
typo of manometer, together with the method 
and accuracy of reading the index level, refer¬ 
ence should bo made to Jaeger’s paper. 

The length, 000 mm., of the index tube 
permits of pressure differences up to 30 mm. 
of mercury being used. # 

By increasing the length of -the bulbs, the 
manometer can be modified so as to measuro 
larger pressure differences without, however, 
increasing the range of measurement, which 
is limited by the length of the index tube. 
In this case the amount of liquid in the 
instrument has to be arranged so that the 
octane just begins to rise in the index tube 
when the pressure to be measured is approach¬ 
ing attainment. This idea may be extended 


to give a manometer of tolerably large pressure 
range, with high magnification locally, e.g. at 
one end of the range. 

The manometer should be used by preference 
in a thermostat bath. Failing this, the indica¬ 
tions of the instrument should he corrected for 
changes in its temperature. The instrument 
may be calibrated either from first principles 
or by comparison under static conditions with 
a standard mercury manometer. 

(v.) Thc*Barometer and Manometer used in 
Conjunction .—In some cases where it is desired 
to measure the pressure of a gas or vapour in 
an enclosure, it is impracticable to do so by 
direct connection of the enclosure with a 
I barometer, though a manometer may be 
employed to give the difference between the 
atmospheric pressure and that in the enclosure. 

In such cases the manometer used is supple¬ 
mented by barometric readings of the atmo¬ 
spheric pressure. Owing to the frequent use 
of a mercury barometer for laboratory work, 
together with the fact that an accuracy of 
± 0*05 mm. can be obtained from it under 
ordinary conditions (fO-03 
mm. in the best eases of 
vernier-read instruments), it 
• is frequently convenient to 
use a mercury barometer in 
conjunction with a mano- Am¬ 
meter which measures re- A~ : 13 

latively small differences of B 

pressure, often with a liquid 
of low specific gravity. 

An interesting type of ; 

manometer which may also 
be used as a barometer is 
shown in Fig. 32. p 

Tl^e inner bulb contains air •; fe¬ 
at approximately atmospheric wmsmt'.. 

pressure, and is surrounded 
by the manometer liquid, Kio. 82. 
wlii^h may be pure sul¬ 
phuric acid or Rome suitable light liquid with 
a low vapour pressure. The ingenious part 
of the instrument is the method by which the 
level of the liquid in the right-hand limb of 
the manometer is made independent of cluftigcs 
of temperature of the instrument by the device 
of balancing the thermal expansion pf .the 
liquid against the thermal increase of pressure . 
of the air enclosed in the bulb. This can bo 
done without unduly restricting the qhoice 
of liquid or making the dimensions of the 
instrument unwieldy. 

Let A and li represent the level of the liquid in the • 
manometer tubes when the air pressure p in the 
bulb is equal to the outer atmospheric pressure, the 
temperature being t. Suppose that the tulx's forming 
the limbs of the manometer are cylindrical and - 
equal in bore. 

Lot v - tlip volume of liquid in the instrument. 

If the external atmospheric pressure is assumed 
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constant for tho present, the increments dp, dv, 
corresponding to the thermal change dl, arc given hy 
dp—pcLclt 

«(•«• \-y)yp' 

where x and y are the supposed changes, AA', BB', 
in the liquid levels in the uncompensated manomctffr; 
a is the giis eoeilieient, 0-00367 ; gp is the weight of 
unit volume of manometrio liquid. 

dv - Yfidt 

• m * 

where 8 is coefficient of dilatation of the liquid relative 
to tha t of the containing vessel, and *S is tho sectional 
area of the liquid column. 

Hon.* ' :n <- r 1 »M‘ 

r,t <*-»*• 

If p is metisured in terms of the height of the 
manometer 1 i«|ii id and v is metisured in terms of the 
equivalent length of manometer tube, 
pa x \-y 



If pa v/ff the dimensions of the instrument ran 
be ehoson so Unit // vanishes, t.c. the level B is 
independent of temperature. 

As an example : # 

d ^0-00307 (for air), % 

fi —0-00057 (for pure sulphuric acid), 
p - 30 in. of mercury, 

— 222 in. of pure sulpliuric acid (density 
1-84), 

whence r — 1430 (measured in linear inches of 
manometer tubing). 

This condition allows a fair amount of scope in 
choosing tins size of the manometer, and the following 
approximate dimensions would l>e found suitable: 

Diameter of inner cylindrical bulb —11 in. 

Diameter of outer cylindrical bulb -2J in. 

Length of outer cylindrical bulb -from ,‘Ho 4 in. 

Diameter of manometer tubing -= in. 

A manometer tubo of,this bore (2£ mm.) 
would be convenient to use in practice, since 
the variations in capillary action of th8 acid 

in it should be negligibly small. (Note. .The 

capillary elevation*Ls about 4 mm.) » 

If reasonably accurate thermal compensation 
ha* been obtained, the open limb of the 
.instrument may bo calibrated by comparison 
with a standard mercury barometer. For a 
change in atmospheric pressure equivalent 
to 1 in. of sulphuric •acid, the liquid levels 
in the manometer will bo changed by £ in. 
—very nearly—since tho effect of external 
pressure changes on the presence of the 
onelosod air is of a secondary order. 

The foregoing instrument is one of several types of 
sulphuric acid manometer, many of which have been 
used by Fallendar 1 in his work on air thermometry. 
In some cases a manometer of this kind is used in 
order to avoid the more troublesome method of 

1 Sec, for example, Phil. Trans. A. 1887, p. 171; 
Phil. Tram. A, 1891, p. 120; Roy. the. Proc., 1892, 
1. 247. 


working from first principles with a mercury 
manometer. 

For work of the highest accuracy, the reader is 
referred to § (9) f<«r an account of a fundamental 
standard mercurial instrument which is virtually a 
oombined barometer-manometer (see Fig. 11). 

(vi.) Non-liquid Manometers. —Although, in 
general, mercury is the liquid best, suited for 
manometry, it is impracticable to use a liquid 
at all in some cases, such as the measurement 
of pressures of vapours which attack mercury 
and other manometrio. liquids, or measure¬ 
ments in which the experiment requires the 
^nanometer to be at a high temperature, or 
measurements made on aircraft. 

Consequently, manometers have been de¬ 
signed on aneroid principles, using tho deflec¬ 
tion of a thin membrane (not necessarily of 
metal) as the means of indicating pressures. 

For the statical determination of vapour 
pressures of many pure substances, and also 
the study of chemical equilibria, a glass or 
quartz manometer is almost indispensable. 

Jackson 1 has described three modifications 
of a glass manometer of a compact nature 
which can be 
used at high tern - 
peratures inside 
chemical appar- 
a t«u s. T h e s e 

consist of one or 
iqfire thin plano¬ 
convex or con- 
cavu-convcx 
bulbs about 11 
to 2 cm. in <^a- 
meter (see Fig. 3d), which change their shape 
when pressure is applied inside or out. The 
extent of this clastic deformation is measured 
by the angular movement of a fine glass 
pointer, which forms a continuation of the 
bull) and is drawn out in the blowing 
operation. 

This manometer is somewhat similar in 
principle to the familiar aneroid barometer, 
but is simpler, both in geneial construction 
and in the manner of magnifying and reading 
the elastic deformation of the bulb. In one 
of these manometers, Jackson used a pointer 
about 20 cm. long, the end of which was 
read with a microscope. The zero of the 
instrument was found to he unaltered after 
tho manometer had been used under a pressure 
difference of 150 mm. of mercurj'; neither 
was it affected by sh^v changes of temperature 
up to 300° (J. 

Other manometers in glass or quartz have 
also been developed, both in this country 
hy Gibson 2 and others, and abroad by 
Bodenstein, 3 Freuner, 4 etc. 

I Chem. Soc. Trans., 1911, xdx. (Burt I.), IlKlO, 

II Roy. Roc. Edinburgh Proc,, 1913, xxxiii. J. 

3 Zeits.f. Etc Hr orhem., 1009, xv. 244. 

4 Zeds. f. physikal. Chemic, 1913, lxxxl. 129. 
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While the foregoing forms of glass and quartz 
manometers are indispensablo for use at high 
temperatures with gases and vapours which 
preclude other types of mandhieters, the metal 
membrane manometer also has a sphere of use, 
and is capable of yielding an accuracy of | 
to J mm. of mercury under favourable con¬ 
ditions, provided the range of measurement is 
not too large and the instrument is calibrated 
under the conditions in which it is used. The 
instrument is very similar in construction to 
the familiar aneroid barometer, except that the 
diaphragm-box of the latter is no longer a 

vacuum-box in the manometer. * 

For short pressure ranges, the diaphragm 

metal can be made very thin (about 0-1 mm.) 
for the sake of increased sensitiveness. 

( a ) Use of (ho. Metal, Diaphragm Ma nometer as 
a Sphygmomanometer to measure Blood Pressures. 
—An extremely light and convenient form 
of aneroid mano¬ 
meter is shown 
full size in Fig. 
34. Essentially 
it consists of a 
diaphragm - box, 
the interior of 
which is not ex¬ 
hausted as in 
the case of t«!ie 
ordinary aneroid 
barometer, but^is 
submitted • to 
pressure applied at 
the nozzle of the 
instrument. The 
dial is graduated 
in millimetres of 
mercury up to 
300 mm., and 
Kid. :j 4 , indicates the 

Excess of pressure 
within the box over the atmospheric pressure 
outside it. 

For medical diagnosis, the instrument is 
used in conjunction with a rubber hag which 
is wrapped around the ann of the patiertt 
above the elbow directly over the brachial 
artery. The manometer is then attached to 
one of two rubber tubes leading from the 
bag, while an inflating bulb, with valve, is 
attached to the other. This apparatus is 
used with or without a stethoscope for the 
determination of the maximal and minimal 
pressures in the arterial system. 

Originally a mercury gauge was used as 
sphygmomanometer, but this has been super¬ 
seded by the more convenient and robust 
aneroid instrument. 

§ (20) Methods of readino Manometers, 
and the Resultin'; Accuracy Obtainable. 
(See also the corresponding section in § (5) 
referring to barometers.)— To a large extent I 


the methods adopted in reading manometers 
are much tho same as tlioso applicable to 
barometers. They are summed up briefly 
under the following headings. Owing to tho 
somewhat wider scope in the design and use 
of a manometer, greater variety in methods of 
reading it may be expected. 

1 (a) High-precision Manometry. —When high 

precision is required, the use of a cathetometer 
is in general essential, and the remarks on 
the accurata reading of mercury levels by 
eathetometei* (sec § (f») (ii.)) aro equally 
relevant here. A number of fundamental 
investigations into physical constants have 
been carried out at the Bureau International 
des Poids et Mcsurcs at Sevres, by (Jhappuis, 
Leduo, etc., and some detailed accounts of the 
manometers used in those experiments appear 
in the publications of the Bureau. 1 

In this connection reference may be made , 
to the following experimental determinations : 

(1) The fundamental determination of the 
boiling-point of sulphur. 

(2) The dilatability of mercury (hydrostatic 
method). 

(3) The mass of a litre of air under standard 

conditions. • 

• In all these experiments, the method of 
reading mercury levels generally requires the 
application of a number of small, but by no 
means negligible, Corrections, especially when 
the levels are optically measured. Under 
good conditions the final accuracy obtained 
in tho measurement by cathetometer of press¬ 
ure differences up to 1000 mm. of mercury is 
of the order iO OOd mm. 

* Special Case of a High-precision Manometer 
designed far Use with a (\/nstant Head of /jig u id. 

— In yiany operations requiring high precision, 
the pressure in an enclosed system may bo 
chosen at will, provided that it admits of 
accurate measurement. 

For example, in the determination of the 
densities of gases, considerable time may be 
gained by working with a gas under the 
pressure of a given head of liquid. Rayleigh 2 
adopted this plan in one of his manometers. 
The guiding principle was to use a steel fod 
to determine, and also measure, the distance 
between the upper and lower mercury surfaces, 
arranged so as to hi^ve the same vertical 
axis. # 

The rod contains two fiducial points, ,tho 
distance between which can he accurately 
measured, before using the manometer, by 
comparison with a suitable standard of length. 
This distance determines the, head of mercury 
in the manometer, and a suitable slow adjust¬ 
ment of the volume and level of the mercury 
in the manometer tube enables both levels to 

1 See Trnvaux et Mdmoires Bur. Tnt. tome xvi. 
and earlier volumes. 

1 Roy. Soc. Proc., 1893, liil. 13f». 
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be brought just into contact with the upper 
and lower points on the measuring rod. The 
head of mercury being known, the correspond¬ 
ing pressure can soon be calculated after 
taking into consideration the temperature of 
the mercury. The manometer may be 
surrounded by a water bath if this is 
thought necessary for the accurate measure¬ 
ment of the mean temperature of the liquid 
column. 

In considering the accuracy ol^ainahle in 
the measurement of pressure by •this means, 
the chief limitation is imposed by difficulties 
of temperature measurement. Under good 
conditions an accuracy of f 0-02° 0. should 
be obtained for the mean temperaturo of the 
mercury, corresponding to 10 002 mm. of 
mercury in a column of 700 mm. The 
distance between the fiducial points may also 
Ik* measured to within 40-002 mm., and a 
final accuracy within H 0-005 mm. should bo 
obtainable. 

It should he remarked that this manometer 
avoids the «meortainty, experienced in work¬ 
ing with optically read instruments, due to 
irregular refraction by the walls of the mano¬ 
meter tube. 

(b) Medium - prevision Manometry . — The 
method of reading by means of a scale and 
vernier slide, after the manner of the meteoro¬ 
logical mercury barometer, is to be recom¬ 
mended, when a large number of readings 
have to be taken on a mercury manometer, if 
the utmost precision is not required. 

it would be advisable to calibrate the 
instrument, either from first principles by 
means of a eathetometer, or else by comparison 
with a. fundamental precision manometer. 

The accuracy generally given bv a calibrated 
vernier-read manometer is of the ordei*0-U3 
to 0-05 mm. • 

In many cases, especially with liquids of 
low specific gravity, sufficient accuracy is 
obtained by leading the position of the c#ntrc 
of the liquid meniscus against an accurate 
scale, cither ruled#on the glass mam«neter 
tube or placed conveniently behind it. Atten- 
tior^should he paid to the illumination of the 
meniscus and to the nature of the background 
against which it is observed. 

(r) Optical Lever Manometer for Measur¬ 
ing Small Pressure Differences. — A mercury 
manometer wit h a delicate and Sensitive optical 
indiiUitor has been designed by Shrader 1 and 
Ryder, and is shown diagrammatically in 
Fig. 55. Apart from the indicator, the 
manometer is the familiar U-tube of large 
diameter (5 cm. or upwards). The optical 
indicator consists of a light mirror M, rigidly 
attached to a lever L, which rests on two 
knife-edges fixed to the wall of the glass 
tube. 

1 Phys. Rev., 1019, xili. 32f. 


The lever L has a small glass head If fused 
to its end to act as a float. 

The principle of the method of reading 
hardly needs ai^v further explanation. A 
beam of light incident upon the mirror from 
the direction I is 
reflected so as to 
,give an image at 
a suitable dis¬ 
tance on a scale S. 

tShrador’s mano¬ 
meter has a 
working rqngc 
extending from 
ljiooo mm. to ,'t 
or 4 mm. of mer¬ 
cury. One of its Vl(i 35 

special features is 

its quick response to changes of pressure. It 
can also be made photographically self-record¬ 
ing, yielding accurate records of pressure 
changes due to such phenomena as vaporisa¬ 
tion, freezing, diffusion, etc. 

§ (21) Manostats. —It is frequently desir¬ 
able in chemical experiments to control the 
pressure within the apparatus. This is 
especially the case in fractional distillation, 
and in the determination of vapour pressures 
and boiling-points. For this purpose, some 
form of manostat or pressure regulator is 
indispensable. 

The chief requirements of a manostat are 
sufficient sensitiveness, adaptability over a 
wide rang* of pressure, and ability to maintain 
pressures above or below the normal atmo¬ 
spheric pressure. 

The majority of manostats are designed on 
the broad principle that whenever the pressure 
departs from the desired constant value, 
the manometer itself, 
through the change in 
li«^iid level in qpe of 
its limbs, automatically 
actuates either a supply 
or removal of gas to 
or from the apparatus 
oi; else some equivalent 
means of restoring the 
desired pressure. This 
may be achieved ly 
t hermal control, in which 
ease the manostat is 
similar in operation to 
a very familiar type of 
thermostat. It is illustrated in Fig. 30. The 
enclosure E, which is to be kept at constant 
pressure, is heated by a gas burner, the 
supply of gas being led in through the narrow 
orifice O. 

The heater prevents the pressure within 
the enclosure from fulling below the desired 
constant value, while if an excess of pressure 
exists, the mercury in the manometer partially 
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covers tho orifice O, thus temporarily diminish¬ 
ing the heat supplied. The stop-cocks allow 
of initial adjustment to the desired pressure 
conditions. This manostat,may he designed 
to cover a large range of pressures, both above 
and below atmospheric pressure. It can of 
course be adapted to electrical heating. 

Its use is, however, limited to temperatures t 
above that of the laboratory. 

Of the types of manostat in which constancy j 
of pressure is secured bv the supply or removal | 
of air from the enclosure, some depend on an 
electromagnet for actuating a valve or cock 
leading to tho source of supply, the electrical 
circuit being completed automatically by tfie 
mercury in one of the manometer tubes. 
Electrically controlled man os tats have been 
designed and developed by a number of 
investigators, including Beckmann 1 and 
Licsclie, Smits, 2 Sporanski, 3 and IMiekor. 4 

Alternatively a manostat may bo devised 
so as to admit air in much tho same way as 
the supply of coal-gas is controlled in a 
mercury thermostat (or in the manostat of 
Fig. 30). An instrument has been designed 
on this principle by Wade and Merriman, 5 
using the analogous device of an air-inlet 
passage which is automatically left uncovered 
by the mercury of a manometer when the 
pressure falls below a limiting value. This 
manostat may be arranged for pressures above 
or below the normal atmospheric pressure, 
e.g. ranging from 0 to 1500 mm. of mprdiry 
or more. It is capable of maintaining con¬ 
stancy of pressure to within 4 0-2 mm. from 
the mean. This performance is dependent 
on the dimensions of the mart is tat, for which 
particulars are given by Wade and Merriman. 
The actual pressure in this type of manostat 
is subject to fluctuations in the atmospheric 
pressure. 

For further details of a niynber of manostnts 
reference may be made to Arndt’s Ilandbuch 
(Ur physikalisch-chemisc hen Technik. 6 

§ (22) Application of the Barometer or 
Manometer to measure in Units other 
than Pressures, (i.) The Measurement j>f ! 
Gravity at Sea with a Mercury Manometer. —In 
general, the method of balancing an air 
pressure hydrostatically against a column of 
liquid is used with the object of measuring 
the height of tho liquid column, and so 
determining the pressure absolutely through 
tho adoption of known values ofr the density 
of the liquid and of local gravity. A modifica¬ 
tion of this principle to measure gravity 
at sea has been employed by Duffield, and ■ 

1 Beckmann and Licsche, Zeits. f. physiknl. 
Che mis, Ixxxviii. 13 ; also Ixxix. . r >(i. r >. 

2 Smits, Zeits. f. physikal. Chemie, xxxlii. 30. 

9 Sporanski. Zeits. f. physiknl. Chemie, Ixxxiv. 100. 

* Driickcr, Zeits. f. physiknl. Chemie, lxxiv. 012. 

5 Wade uud Merriman, Chan. Hoc. Trans, xoix. 
1 ) 84 . W* 

0 Published by Von. F. EDke, v Stuttgart. 


is fully described in the article “ Gravity 
Survey.” 

(ii.) The Measurement of Velocity with a 
Manometer. —Tho principles underlying tho 
measurement of wind velocity are set out in 
tho article on “Meteorological Instruments.” 
Ii'iefly, if the difference between the static 
and total air pressures can bo measured, tho 
velocity of the wind is given by tho formula 


where p is tn'io difference between the static and 
total air pressures, i.e. the dynamic 
pressure, 

V is tho wind velocity, 

k is a constant depending on tho units of 
measurement. 

An “ anemometer head ” ensures that the 
true static and total pressures arc ojierating 
on the manometer used to measure tho 
pressure difference between them. The mano¬ 
meter may be of the liquid or aneroid type, 
and can be arranged to read air speeds directly 
if graduated in accordance with tlto formula 

V — constant x s/p. 

Air-speed indicators «for use on aeroplanes 
• are of the aneroid type, in which metal or 
rubber diaphragms have boon employed by 
instrument makers. 

Silver diaphragm boxes have been used 
with success in sensitive instruments. Owing 
to the nature of the formula connecting 
air speeds and pressures, it is impracticable 
to obtain anything approaching a uniformly 
spaced scale of air speeds. 

* Some of the current patterns of air-s[H)ei.l 
indicators used by the Government register 
up t® about 170 "miles per hour, corresponding 
to which yie actual pressure difference in the 
manometer is about 14 in. of water. 

Although this vtdue is low compared with 
the pressure differences operating on the 
diaphragms of altimeter aneroids, defects 
such ^as hysteresis and “ creep ” are by no 
! means negligible in air-speed indicators. 

(iii.) The Measurement of Heights by the 
Barometer. —(See Part VI. of this article, f 

1\ A. 0. 


• 

Baros : the lyimc given to an alloy, experi* 

$ men ted with at the Bureau International, 
for use as a material for making weights; 
composed chiefly of nickel, with small pro¬ 
portions of chromium and manganese, but 
not sufficiently invariable for a fundamental 
standard. See “ Balances,” § (8). 

Barothkumoo.rapii : a self-recording instru¬ 
ment which records the temperature as a 
function of the pressure. See “ Meteoro- . 
logical Instruments,” § (38). .. 
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Bates Saocharomethk. See “ Hydrometers,’’ 

§ (9). 

Baum£’s Hydrometer, used as saecharo- 
meter. See “ Sacoharometry,” § (9). 

Beam of Equi-arm Balance : 

Design of. Sec “ Balances,” § (1) (i.). 
Methods of determining the deflection of. 
See ibid. § (l) (vi.). 

Beam-scales. See “ Weighing Machines,” 

§( 1 ). . 

Benoit, Farry, and Perot: determination 
of metre in terms of wave - lengths. See 
“ Line Standards,” § (7) (ii.). 

Beranger Balance. See “ Weighing Ma¬ 
chines,” § (3). 

Berne, Universal Comparator at, descrip¬ 
tion (if. See “ Comparators,” § (7). 

Bishop’s Ring : a reddish-brown ring, of 
inner radius 12° and outer radius 22°, 
observed round the sun. It is named after 
its first observer. See “ Meteorological 
Optics,” § (lf») (iv.). 

Board of 'J^hade Standards. See “Metro¬ 
logy,” IX.. $ (13). 

Bolometer as applied to Solar Investi¬ 
gations. See “ Radiant Heat and its 
Spectrum Distribution,” § (18). 

Bourdon-tore Thermograph. Sec “ Meteoro¬ 
logical Instruments,” § (9) (iii.). 

Boyer Recorder Tachometer. See 

“Meiers,” § (12). 

Brass Measures of Capacity. See “ Volume, 
Measurements of,” § (21). 

Briggs or National U.S.A. Standard Pipe 
Thread. See “ Gauges,” (53). 

British Association (B.A.) Standard 

Thread. See “ Gauges,” § (45). 

Table of sizes. See ibid. § (57). 

British Standard Fine Thread (B.SfF.), 
table of sizes. Sec “ Gauges.” § (CG). 


British Standard Pipe Threads (B.S.P.), 
table of sizes. See “ Canges,” § (58). 

British Standard Whitworth Threads 
(B.S.W.), table of sizes. See “ Gauges,” 
§ (55). 

British Units of Volume. See “ Volume, 
Measurements of,” § (3). 

Brocken Spectre. When the shadow east 
by the observer’s head on a bank of fog or 
mist is surrounded by a series of coloured 
rings glories—the phenomenon is known 
as the Brocken Spectre. See “ Meteoro¬ 
logical Optics,” § (15) (iii.). 

Brunner Comparator, description. See 
“ Comparators,” § (5). 

Brttnsviga Calculators. See “ Calculating 
Machines,” Jj (<>). 

Burettes. See “ Volume, Measurements of,” 

i (!»)- 

Buttress Standard Thread. See “ Gauges,” 

§ ( 51 )- 

Buys Ballot’s Law. This law states 
that in the. northern hemisphere press¬ 
ure decreases from right to left «>f an 
observer who stands with his hack to the 
wind. The reverse holds in the southern 
hemisphere. The explanation of the law 
' lies in the fact that the rotation of the earth 
tends to detleet any body in motion on its 
surface towards the right in the northern 
hemisphere. The wind blows in such a 
direction that this tendency is counteracted 
by flic pressure. At heights removed from 
the effect of surface turbulence the wind 
must therefore blow along the isobars. 
Near the ground on account of frictional 
effects the wind is partly checked and 
blows into the region of low pressure, but 
the deviation from the isobar is never great 
enough to vitiate the law as stated above. 
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CALCULATING MACHINES • 

§ (1) Historical Sketch. .Aids to calcula¬ 

tion fliay be tabular, graphical, or mechanical. 
Among the mechanical aids arc the calculating 
machines. Thcso employ toothed gearing, 
and perform the operations of arithmetic. 
As they are arithmetical they differ from the 
more purely mathematical instruments, sucl* 
as planimeters, integmmeters, integraphs, har¬ 
monic analysers, and the like, while as they 
employ toothed gc-aiing they are distinct 
from the slide rules. 

In attempting, however, to present even the 
briefest sketch of the development of the 
calculator, reference should be made to some 
doviccs, which are not, strictly speaking, calcu¬ 
lating machines, such as the abacys, and the 
numbering rods of Napier. 


So long as Homan numerals were used, 
computation was no easy matter, and some 
forfn of reckoner soon became a necessity. 
In early classic days there was the dust board, 
a tray filled with damp sand, w hich was scored 
by the fingers into squares, like a draught¬ 
board. Those squares could be punched by 
the fingers with dots, to facilitate counting. 
Then pebbles ( calculi ) would be used, and later 
a more permanent form of reckoner was made 
by stringing beads on wires. In this way 
was formed the abacus, an instrument w hich 
has played an important part in the practical 
or commercial arithmetic not only of the 
ancient and mediaeval worlds, but also in the 
Far East at the present day. 

The arithmetic of mediaeval Europe con¬ 
sisted of two parts, theoretical and practical. 
The former involved much that was mystic, and 
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discussed the ratios and properties of numbers. 
It was the work of the Greeks, transmitted, 
imperfectly at first, through the writings of 
Boethius. The latter, the practical arithmetic, 
dealt with calculation, and employed the abacus. 

(i.) The Abacus. —In modern Europe the 
abacus is only used for teaching infants to 
count. In China and Japan, however, it 
is an important calculating device. These 
nations no doubt obtained it originally from 
India, into which country it had been intro¬ 
duced probably by some of the Semitic races, 
who were the great traders of the ancient world. 

Fig. 1 shows a Chinese or Japanese abacus. 
On any selected wire each bead of the five-group 



represents unity, while each bead of the two- 
group represents five. Hence a decimal 
notation is obtained. Fig. 2 shows the 
number 37408 or any decimal variation of this 
sequence of digits. The 
operations of addition 
and subtraction arc self- 
evident. Those for multi¬ 
plication and division are 
effected by learning a 
multiplication and divi 
sion table,. 

(ii.) Napier's Bones. — 
Tho difficulties of com¬ 
putation in the Middle Ages were so great 
that the subject was almost beyond the powers 
of those who were not skilled mathematicians. 
Later, in 1017, Napier invented his system of 
numbering rods or “ bones,” which gave a 
more or less mechanical method of effecting 
multiplication. Each rod consists of the 
multiplication table for one of tho numerals 
arranged in a vertical column as in Fig. 3." 

As an example, suppose that it bo required 
tn multiply 4185 by 752. Arrange the rods 
4, 1, 8, and 5 in order (Fig. 4), setting on the 
right the rod which contains the numbers 1 to 0. 
Then the lino of partial product 4185 x 2 is 
shown by the second row, i.e. the/mmerals are, 
in succession, reading from right to left, 
0, 1 + 6, 1 + 2, 0+8, i.e. 8370. In the same 
way the partial products for 5 and 7 are given 
by the fifth and seventh rows respectively, 
viz. 20925 and 29295. Adding these lines 
of partial product, as in ordinary multiplica¬ 
tion, we have 3147120. It will bo observed 
that by tho use of Napier’s rods tho labour 
of multiplication is replaced by the simpler 
process of addition. 


Napier’s rods were of great practical value,- 
To save time in arrangement the numbers” 
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were, later on, inscribed on parallel cylinders, 
which, by revolving, could bo set rapidly to 
the required factors. So good is this simple 
device that it can hold 
its own as an inexpen- 
sive calculator even at 
the present day. 

*| (iii.) Pascal's M achine. 

—The first true calcu¬ 
lating machine was 
made by Blaise Pascal 
in 1652. It was con¬ 
structed to help his 
father in his depart¬ 
mental work. Its use 
was chiefly for adding 
sums of money. It 
forms the type from 
which tho rrtodern 
arithmometers may 
trace tjieir descent. 

Number wheels bn the upper face of the 
machine are turned to effect additions. The 
model worked with a peg instead of a handle, 
somewhat like the Brical cash counter. jPin- 
wheels of the simplest form were used where 
now there would be bevel gearing. 

(iv.) Other Early Machines .—The next im¬ 
portant advance was the invention by Leibnitz 
of a machine containing a type of stepped 
reckoner. This in en improved form is the 
counting deviae employed in modern arithmo,- 
metera. Leibnitz had the idea in 1671, and 
his earliest model was made in 1694. At ap 
earlier date a British calculating machine had^ 
been brought out by .Sir Samuel Moreland.-;'; 
This was dedicated to Charles II. in 1666. It 
was for adding sums of money, and its carrying/ 
device was like that of a modem speed counter. 
Another British machine was made by James 
Bullock in 1775 for Karl Stanhope, and fWV 
improved form was brought out in 1777. , 

Other machines wore made during the;’ 
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eighteenth century by L6pine, 1725 ; Lcupold, 
1727 ; Boistissaudeau, 1730; Gersten, 1735 ; 
land Pereire, 1750. The stepped reckoner was 
used by Hahn, 1774, and Muller, 1783. 

§ (2) Early Modern Machines, (i.) The 
Thomas Arithmometer . — The first machine 
.which could be called a commercial success was 
an arithmometer made by C. X. Thomas, of i 
Colmar, Alsaco, in 1820, and improved by 
PcRyen. It was manufactured extensively 
about tho middlo of the century, aftd is still j 
much used. Most modern arithmometers 
differ little from it in general construction, 
though they have been modified considerably 
in details, particularly with a view to auto¬ 
matic working, as in the “ Madas” and 
“Fournier.” The work of the original firm 
is still carried on byM. A. Darras (Paris), who 
makes tho “ Thomas ” in. a modem form, in 
sizes ranging from twelve to twenty figures. 

(ii.) Direct Multiplying Machines. —The first 
direct multiplying machine was invented in 
1889 by Leo^ Bollee. He introduced the use 
of tongue-pieces whose lengths represented 
numbers. This has been incorporated in the 
design of the 11 Millionaire,” and is its most 
interesting feature. 

The first keyboard machine was as late as 

18(51. 

(iii.) Babbages Differencing Engine, —Before 
proceeding to examine the modern calculating 
machines a brief reference may be made to the 
differencing engine, and the’analytical engine, 
of Charles Babbage. 

The differencing engine was for the mechani¬ 
cal construction of mathematical tables, such, 
for example, as occur in the Nautical Almanac. 
The principle on which it worked is easy to 
understand. Suppose wo have the tabulated 
values of any function arranged in y column. 
Wo can fonn in the usual way the column of 
first differences, i.e. by subtracting succes¬ 
sive pairs. By treating this column in ♦ho 
Haamo way we can form the column of second 
differences, and from it the column of tfcinl 
differences. Conversely, then, if instead we 
had been given the column of third differences, 
and tfie leading value of the second and first 
. differences and of the function, we could, by 
adding, reproduce the columns, first of second 
^differences, then of first differences, and finally 
;-of the function. Many tables may be con¬ 
structed in this way, given a column of differ i 
ences, which is usually fairly constant over 
■ ; a wide range. Babbage’s differencing engine, 
which was designed to give for each turn of 
'/the handle corresponding values in the various 
. difference columns, and also the value of the 
function, all by straightforward additions, was 
• accordingly a glorified adding machine. 

J^iv.) Babbage's Analytical Engine. —The aim 

: the analytical engine was to «carry out 
any sequence of operations with any given 


numbers, and so in fact to evaluate any 
algebraical formula. It consisted of three 
parts—tho mill where the operations were 
performed, the store where the results wero 
placed ready for use, and the controlling 
mechanism which directed the operations. 
The latter was of the nature of a Jacquard 
• Apparatus. It was worked by an arrangement 
of two sets of perforated cards —one for tho 
mill and one for the store—which determined 
the operations, and specified their order. In 
this way numbers set up in the store were trans¬ 
ferred to the mill, operated on there as required, 
and the values so obtained were returned to the 
store, till tho final result should be obtained. 

Babbage began his analytical engine in 1833, 
. but by the time of his death in 1871 only 
! a comparatively small part had been finished. 

| § (3) Modern Arithmetic Machines, 

i Counting Devices. -The fundamental opera- 
j tion in a calculating machine is addition, since 
| from this the others can he derived. Mechanical 
addition involves two distinct processes, tho 
summation of the digits, and the “ carrying ” 

] from one denomination to another. The sum- 
j illation of the digits is effected by one of five 
mechanisms : (a) the stepped reckoner; (b) the 
•variable toothed wheel; (c) the circular rock¬ 
ing segment; (d) the reciprocating rack ; 

(e) tne double crown wheel. Those classify 
calculating machines into different groups 
acceding to the mechanism used. 

The operation of ” carrying ” is mechanically 
the most difficult to perform, and the mechan¬ 
ism which controls it is the most delicate part 
■ of the machine.* In its simplest form it is 
| illustrated by the speed counter (Eig. 5), in 



which the dials arc removed to show the 
working. Hc”e, as the 9 in tho units dial 
changes to 10, the 0 appears in the units dial 
in succession to the 9, while at that moment 
tho projecting tooth on the units wheel engages 
with the tens counting wheel, and moves it on 
by one stop or unit. In calculating machines, 
however, the carrying is much more com¬ 
plicated, and a more elaborate mechanism is 
required. 

§ (4) The Arithmometers.— The arithmo¬ 
meters form tho oldest group of calculating 
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machines. The earliest successful one was 
the Thomas already mentioned. Modern 
arithmometers resemble it closely, but embody 
various minor improvements as well as some 
important additions. 

(i.) Addition and Multiplication: General 
Account. —The top of an Archimedes machine, 
one of the class, is shown in Fig. (>. It ik 
in two parts; the upper portion, with its two 
rows of figures, can slide to right or left. On 
the lower portion are shown a series of vertical 
slots with the digits 0—9 arranged by their 
sides. Pointers or markers slide in t hese slots 
and can be placed opposite any digit required. 
As figured the markers, counting from the 
right, arc opposite to the digits 3, a, 5, 1; these 
digits appear in the row below and read 1553. 


obtain the result more rapidly ; the mechan¬ 
ism, when the handle is rotated, transfers a 
number from the marker to that place in the 
result row which is immediately above it; if we 
move the slide one place to the right wo bring 
the tens’ place in the product above the units 
in the markers, the hundreds above the tens, 
and so on ; thus in this position a turn of 
tho handle adds ten times the multiplicand 
to the product, i.e. multiplies by ten. Thus 
to multiply by 235 we should push the slide 
to the left as in the figure, turn the handle 
5 times, thus multiplying by 5, then push the 
slide one place to the right and turn 3 times, 
thus multiplying by 30, then push the slide 
one place further on and turn 2 times to mul¬ 
tiply by 200. 
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This is mainly for convenience. The machine 
is worked by the handle seen on the right, and 
the mechanism, which will be explained shortly, 
is such that one turn of the handle, when, as at 
present, the machine is set for addition, trans¬ 
fers these digits from the markers to' tho 
result dials in the row immediately above. 
The result is shown in this row. A second 
turn transfers the same digits a second time 
to this row, and so on for a third or any suc¬ 
ceeding number of turns. In this manner 
the number 1553 is added once^for each turn 
of the handle to the figures in the top row : we 
obtain in effect the result of multiplying 1553 
by 1, 2, 3, etc. The top row merely shows 
the number of times the handle has been 
turned, i.e. it registers the multiplier. 

Multiplication, thus, is performed by a 
repeated process of, addition; the bottom row' 
shows the multiplicand, the top row the multi¬ 
plier, and the contra 1 row the product. 

The slide alt&dy referred to enables us to 


The process m&y be shown thus : 

i 

1503 x 5 

t Five, turnn 


1563 30 - 
Three lurnu 

1553 200 = 

Two turm 

u 1553x235 — 

(ii.) The Stepped Reckoner. — The above 
description applies in general terms to a 
number of machines, but the adding device—. 
the mechanism, that is, whereby the digits 
are transferred from the markers to the result 
dials - differs. In the Thomas and Archimedes 
machines the stepped reckoner is used. This 
device, wfyich is shown at A in Fig. 7, is 
placed below each of the marker slots ; thus 


f 1553 
1553 
1 1553 

1553 
1553 
( 1553 
• 1553 

( 1553 
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\ 1553 
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in the machine illustrated tbore are ten stepped 
reckoners. Each of those consists of a circular 
cylinder which, by turning the crank handle, 
can bo made to rotate about an axis parallel 
to the length of the slots. The outer surface 
of the cylinder is machined away, leaving on 
part of the circumference nino radial pro 
jections or steps of gear - tooth form and 
of varying axial length ; these engage a small 
pinion or gear wheel, causing it to rotate as 
the cylinder is turned. The pinioif is shown 
at B' in Fi(j. 7. The axis of this gear wheel 
carries at one end a bevel wheel (/, Fig. i) 
which, when the sliding carriage is down, 
engages with a second bevel wheel, shown at 
d\ the numbering wheel; to this the figures 
giving the result arc attached, and these 
appear in turn on 
the corresponding 
dial as the wheel 
rotates; the motion 
of the stepped 
reckoner is thus 
transferred To the 
result dial. The 
projections or steps 
on the reckoner 
vary in length 
parallel to its axis, 
as shown in the 
figure, increasing 
gradually from the 
first to the ninth; 
the pinion which 
engages with them 
slides on a square 
axis parallel to that 
of the cylinder, 
and by altering its 
position on this 
axis the number of 
steps which will 
engage with it, and 

hence the angle through which it turns for one 
turn of the handle, is varied : this alteration 
is effected by moving the marker to which the 
pinion is attached; when the marker is at zero 
the feokoner can be turned without moving 
the pinion ; no stops engage. As the marker 
is moved to one, two, etc., one, two . . . 
steps* engage the pinion, which is thus moved 
through the angle corresponding to one, 
two . . teeth ; the motion is transmitted l^y 
the bevels to the result dials and the digits 1, 
2, 2, etc., appear in turn. Thus if the marker 
be set to 7 and the handle turned, seven teeth 
engage ; the numbering wheel turns through 
seven places and 7 appears on the dial: if 
the marker be now set to 2 and the handle 
turned, two teeth engage, the result dial is 
moved through two more places, and 9 
appears. , 

(iii.) Carrying .—The chief mechanical diffi¬ 


culty is in the carrying ; when this is about 
to occur i.e. when the 9 on the result dial is 
about to change to 0 an extra single tooth, 
sliding on the next higher axis, is pushed into 
position by a lever and stud device on the 
axis of lower denomination ; this moves the 
resc.it dial of next higher denomination through 
fine place and thus effects the carrying. 

(iv.) Subtraction and Division.— As addition 
is performed by causing the numbering wheels 
to turn in the positive direction, so sub¬ 
traction can be carried out if we can make 
the numbering wheels rotate negatively ; the 



Fm. 7.—End Elevation of the Thomas ilc Colmar Arithmometer 
(sliding carriage shown raised). 

H, handle; S. markr*; A, stepped reckoner; IV, counting pinion on sipiare nxjcfc, 
at the other end of which are tin- bevel wheels i and i' on a sleeve /, giving t lie adding 
or subtracting rotations to the bevel wheel d\ which works the figure disc seen below 
the dial. M is a milled bead wlihdi works the eJfaccr. The other letters show the 
eairyinfc, numbering, and effacing mechanisms. 

positive rotation is given to the numbering 
wheel d' by a hovel wheel i which engages 
it. at one end of a diameter; a second 
IxA'ol i' engaging it at the opposite end 
of the same diameter will give the negative 
rotation. These two bevels are connected 
by a sleeve l sliding on the square axis, 
their distance apart being greater than the 
diameter of tlio numbering wheel. By means 
of a stud either can be brought into action and 
a positive or negative rotation given to the 
numbering wheel. To perform subtraction 
then the total is placed on the result dials, 
the amount to he subtracted on the markers, 
the studs being set to subtraction, and the 
handle is turned once ; the answer appears on 
the result dials. 

Division is effected by a process of repeated 
subtraction. The machine being set for subtrac¬ 
tion, the dividend is set on the extreme left of 
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the result dials and is followed by a series of 
zeros; the divisor is set on the markers and the 
slide moved to the right until the left-hand 
figure of the dividend is ab«tve 1 or one place to 
the left of the highest figure of the divisor. 

. Thus the part 
of the dividend 
which is to be 
operated on is 
greater than 
the divisor. 

The handle is 
turned once, 
thus subtract¬ 
ing the divisor, 
as in long 
division, from 
the higher 
figures of the 

dividend ; if the remainder shown on the 
result dial is still greater than the divisor, the 
operation is repeated, and this is continued 
until the remainder is loss than the divisor; 
the number of times this has been done appears 
on the top dial and is the first figure of the 
quotient. The slide is moved one place to the 
left and the process repeated, thus obtaining 
on the to}) dials 
the second figure 
of the quotient. 

This is continued 
until all the 
figures are found. 

An arrange¬ 
ment is usually 
added for effac¬ 
ing rapidly tho 
figures in the 
view-holes, thus 
resetting all dials 
to zero. 

§ (5) Other Arithmometers.--- Among the 
older arithmometers may be mentioned the 
Thomas and the Tate, while among the newest 
are the Archimedes, Colt, Layton, 'Pirn, IJnitas, 
and Madas. The last is referred to among the 
automatic division machines. 

A recent development of the arithmometer 
is the Fournier Calculator. It is an arith¬ 
mometer fitted with a compact and distinctive 
keyboard, whose feature is that the depression 
of a key depresses all in its column of lower 
value, while the highest value alone is regis¬ 
tered. It also multiplies by a single turn of 
the crank for each figure in the multiplier. 
In order to accomplish this, energy is stored 
in springs during the inactive portion of the 
turn of the reckoner, and this is sufficient to 
finish the operation. This arithmometer-was 
designed to render all the operations of arith¬ 
metic as nearly automatic as possible. 

1 Above If equal to or greater than the divisor, 
one place to the left if less. 
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§ (G) The Dactyle or Brunsviga Group." 
—Tho idea of a wheel with movable pins or- 
teeth was described by Poleni of Venice in 
1709. A Brunsviga machine employing this 
device is shown in Fig. 8. Additions and sub¬ 
tractions are 
obtained by 
the convenient 

method of tur$-. 
ing the handle 
forward or 
backward, i.e. 
positively or 
negatively. 

Tho adding' 
device is a 
wheel consist¬ 
ing of two" 
parts — a disc 

(Fig. 9) and a cover ( Fig. 10). In the disc 
are slots in which lie steel fingers yr teeth 
(Fig. II). A projection on each of these fits 
into a groove in the cover-disc. Tho act of 
setting a number, say six, by the marker 
rotates the cover of the disc, and in so doing 
forces the projections of six of the fingers to 
slide along the groove foorn the inner portion a , 
past the crossing 
(>, to tho outer ' 
portion of the 
groove. This 
makes six tooth 
project from tho 
wheel. As thoro 
is a counting 
pinion ready to 
engage with this, 
a positive rota¬ 
tion of tho oper¬ 
ating handle 
advances the 
counting wheel by six units, and so adds 
this ( number to any already on the result 
dials. A negative rotation of the handle 
would subtract it. Carrying is performed 
by sliding a movable tooth into position 
when required. 

In this way any numbers may be set by 
the markers, and added or 
subtracted as desired by posi¬ 
tive or negative turqs of the 
handle. As in the arithmo¬ 
meter, multiplication is ob¬ 
tained by successive additions, and division 
by successive subtractions. 

The dials are set to zero by an e(Facer 
worked by turning the butterfly nuts shown •> 
in the figure. 

Other machines of this group are the 
Triumphator, Zeetzmann, Muldivo, and * 
Marchant. ' ? 

§ (7) Adding Machines.— Adding and list- ' 
ing machines are employed widely in business* s 
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and .are worked most conveniently by a 
keyboard. A machine worked by keys was 
first put on the London market in 1801 by 
V. Schilt. The funda¬ 
mental device employed 
in adding machines is 
the toothed sector, or 
sectorial rack. 

Reference to the dia¬ 
gram (Fig. 12) show's 
that when a key, such as 
number 5, is depressed, 
it moves, by means of 
a bell-crank lever F, a 
stop wire, and pulls the 
end inwards to the 
bottom of the slot. This 
limits and specifies the 
travel of the toothed 
sector B. This toothed 
rack B is carried by the 
pivoted lever A, and 
moves between the guide 
plates l>. \)n depressing 
the key the rack descends 
through the specified number of tooth—five 
in this case- and the corresponding type for 
printing, carried at the other end of the pivoted 
lever A, comes into position, and is struck by 
a hammer and printed. During the descent of 


and counting wheels be arranged in series, 
and possess the necessary carrying apparatus, 
an adding machino is formed, and the regis¬ 


tering wheels will show at any time the sum 
of all the numlters which have been set on 
the keyboard. An illustration of the machine 
with its cover removed is given in Fig. 13. 

In the smaller machines, such as the simdl 




Fig. 13.— Bur rough’s Adding Machine (cover removed). 


the rack the counting wheel C is thrown out 
of gear, but on the ascent it engages, and so is 
turned through the number of units specified by 
the key. The number sot by the key is thus 
transferred to the registering device, and so 
is added to the total. If then ft set of racks 


Burroughs adding machines and the Compto¬ 
meters, the sum is shown at once on the result 
dials. In the large Burroughs listing machines 
the sum is to be printed. This necessitates, 
in addition to the printing device, a totalising 
key, whose depression, aftor an extra stroke 
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is given to the working handle, prints the 
and sets the numbering wheels all to 
i.e. clears the machine. 

I lie principle of the carrying device is to j 
make the next higher rack rise through the dis- : 
tanee of an extra tooth. This carries an extra I 
unit to its numbor wheel when t he rack ascends. j 
lliese machines are energised through j 
springs, to prevent tho mechanism from being ' 
strained, and the largo Burroughs machines 
have also a dashpot. 

Subtraction may be carried out by adding 
tho complementary number. Tho latter may 
be defined by saying that any number plus 
its complement forms some whole multiple 
of ten. Thus 7 and 3 are complementary, 
ior subtraction the complementary numbers 
aro marked on the keys in small type. In 
many cases it is more convenient to take tho 
complement with respect to 9 instead of 10, 
and in that case a special mechanism adds 
unity to the result. Thus, instead of subtract¬ 
ing 704 from 870, and obtaining 112, we may 
write _ ., ,. 

7(>4 — i(MX) - (235-I- I). 

Thus 870 - 704 -870 f 235 j 1 1000 

-1112 -1000 112. 

We thus add 235 • 1, the complementary figure 
to 870, and reject the highest digif. 

Multiplications and divisions arc accom¬ 
plished as repeated additions and subtractions 
respectively, but the “ typist ** touch for doing ; 
this rapidly requires a certain amount 4jf I 
training. « 

§ (8) Calculator Typewriters.— Adding ; 
mechanisms or totalises are now attachable ; 
to certain typewriters, so that typing, listing, 
and adding may be carried out"on the same 1 
machine. Among calculating typewriters may 1 
he mentioned the Hammond, Monarch, Wahi, ; 
Smith, and Underwood. j 

The Elliott - Fisher adding machine is ti ; 
further development of this idea. It has a ; 
standard keyboard which traverses the frame 
of the machine, and moves over a large sheet 
of paper. Adding registers are clamped on a 
bar of the frame wherever a column of figure? i 
is required on tho paper. The keyboard, 
when passing these registers, engages them 
with* studs, and so totalises each column of 
figures in the sheet. 

§ (9) Tiie Millionaire Machine. — Tho 
Millionaire was patented by O. Steiger, and 
is manufactured by H. Egli in Zurich, it per¬ 
forms tho operations of arithmetic, but is speci¬ 
ally devised for multiplication. This it does 
not accomplish by repeated additions, but by 
a single turn of the crank for each digit of the 
multiplier. It forms accordingly a class by itself. 

The most striking feature is a set of nine 
tongue plates or multiplication pieces. Thcso 
represent by their lengths the multiplication 
table. Thus the tongues on the plate 8 are 


sum, | of lengths 8, 10, 24. . . . 
zero, j is represented by two tor 
i *u..V..... 


A figuro such as 24 
‘presented by two tongues, one of length 
4 in the digits place, the other of length 2 in 
tho tens place. A tongue plate is sliowm in 
Fig. 14; the light bars represent, the units, 
tho dark bars the 
tqps. Suppose that a 
number, set by the 
marker, is to bo-multi¬ 
plied by 8. The 
multiplication lover is 
set to 8, which places 
tongue plate 8 in the 
position for working. 

Straight racks, form¬ 
ing part of the count¬ 
ing device, rest against 
the tongue plates, and 
are displaced by them 
in working to an ex¬ 
tent determined by the 
lengths of the tongues. 


Flu. 1-1.—The Millionaire. 
Toiitfue Plate. 

This displacement of 


the racks moves the counting wheels of tho 
recorder through tho corresponding number of 
steps or units, and transfers these values to tho 
result dials, so giving the result of the multi¬ 
plication. For addition and subtraction tho 
^Multiplication lover is set to unify. Division 
is simplified by a table of reciprocals, Tho 
Millionaire is often fitted with a keyboard 
for ofliee work. 

§ (10) Automatic! Division Machines.— 
Division, though the most troublesome of 
the simpler rules, is easy to carry out on a 
calculating machine. The operation, however, 
is usually not automatic. Two machines, 
the Mercedes-Fuklid and the Marlas, whilo 
performing all the arithmetical operations, 
also carry out automatic division. 

(i.) 1 he Mercedes - Fuklid. —- This machine 
j was designed by C-h. JIamann of Friodenau, 
i Berlin. Its adding, mechanism employs the 
straight rack and pinion. In this case there 
are tefn parallel racks, one to correspond with 
each of the horizontal rows of figures 0, 1 ... 9 
extending from slot to slbt. The displace- 
! ments of these racks, which must be pro¬ 
portional to their digits, are obtained by $ho 
■ simple device of a proportional lever. This 
is worked by the handle, arid each rack gets 
I ft displacement proportional to its number. 

Thus the counting pinions, set by the markers, 
j register displacements of tho corresponding 
j nurnber of units, and convey these to the 
recorders. The subtracting device is particu¬ 
larly ingenious. Tho proportional lever is 
then pivoted at the other end, and the pinions 
j get the complementary displacements. This 
j addition of tho complements of tho number 
is the same, with the exception of a unit, 
as subtracting. In carrying out automatic 
division tho machine approaches tho valuo 
of tho quotient through upper and lower 
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.limits successively, subtracting and adding 
till the result is obtainod. 

(ii.) The Madox. This machine is an 
arithmometer, and as such uses the stepped 
reckoner. It is worked in the usual fashion. 
Tho mechanism for division is modified in such 
a way that, when the, sequence of subtraction.) 
for obtaining a ligure of the quotient has been 
completed, the carriage moves automatically 
one space to the left. Hence continuing to 
turn the handle in the same sense pit>duces the 
successive figures of the quotient. • 

§ (11) The Monroe Machine. — In its 
original form this was the invention of Mr. 
F. S. Baldwin (Conn.). It possesses a key¬ 
board in front, like a comptometer, and a 
sliding carriage at tho back, like an arithmo¬ 
meter, while the working recalls the horizontal 
handle of the Brunsviga. 

The adding device is simple and ingenious. 
It is a wheel consisting of two opposed parts, 
like crown wheels, which can be made to 
approach or recede from each other. On 
one of thcso*discs are live equal pins, and on 
the other four stepped pins. These pins 
engage the counting wheel. They project, 
alternately, into the sjj^je between the discs, 
so that the closed wheel looks like a lantern 
pinion, or a very flat squirrel-cage rotor. If 
a number less than five (say three) be set on 
the keyboard, the discs move so that the 
counting wheel will engage with three pins 
of the stepped disc. If a number greater 
than five (say eight) be set, the discs close so 
that five teeth of the one disc and three of tho 
stepped disc, will gear with the counting wheel 
and « penile it. This is analogous to the use 
of the stepped reckoner in the arithmometer. 

The working of the Monme is somewhat 
like that of the ordinary arithmometer, except 
that the numbers are transferred rapidly 
to and from the keyboard •by a positive or 
negative turn of the horizontal handle. Such 
machines, with a long sliding carriage, possess 
the advantage that one can work different 
parts of a calculation at the opposite ends 
of the carriage, and thereafter combine them. 
This is specially the ease with the Monroe, as 
one of its features is the speed with which it 
can combine tho operations of arithmetic, as 
in the evaluation of algebraic formulae. 

The Ameo is a smaller machine on similar 
principles to the Monroe. % 

§(12) Tabulating and Sorting Engines. 
—Some large commercial firms use, special 
modifications of engines like the census 
machine. These are controlled by a Jacquard 
arrangement, operated by punched cards. 
Any group of details may he picked out and 
sorted in one machine, and summed and 
tabulated in another. These engines are 
larger and more elaborate than the machines 
already discussed. The information, which is 


usually representable by figures, requires to he 
punched systematically by holes in the cards. 
This takes time, hut oiiec it is done the in¬ 
formation is deal? with by the machines at 
an extraordinarily rapid rate. Two of tho 
best known of these sets of engines arc the 
Holerith and tho Powers. The former works 
■electrically, and the latter mechanically. 


I Sec Lo Calcul meejuilque ” (Ifnn/cto. Scient.), 
Paris, 1011 ; Napier Tercentenary Handbook, Koval 
! Koo., Kilinburjdi, 1014; Tran*, hist. ling, and Ship, 
in Scotland, Glasgow, 1010 20, tr. xlil.; HuUetin de la 
Soc. d’Encouragement pour 1’Industrie National. 1020, 
tome 132. No. f>. 
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Calibration op Indicators for Mktro- 
looical Observations. See “ Metrology." 
§ (32) (ii.). 

[ Calibration of Scale : successive stages, 
method of taking observations in subdivid¬ 
ing comparator, computation of results, and 
theory underlying same. See “Com¬ 
parators,” § (12). 

Callendar Radiation Recorder. See 
“ Meteorological Instruments,” § (31). 

Camera Obscura : as used for observing 
clouds and for measuring the direction of 

, motion and the speed-height ratio. See 
“Meteorological Instruments,” § (34). 

CaMPBELL-StoKEM SUNSHINE RECORDER. See 
“ Meteorological Instruments,” § (24). See 
also “Sunshine Recorders,” “Radiant 
Tfo.nfc and its Spectrum Distribution,” § (!). 

Cavendish Experiment for the determination 
of the constant of gravitation by a torsion 
method of ^ensuring the attraction of 
leaden balls for one another. See “ Earth, 
Density of the," § (2) (i.). 

| Ckntrolinkad. See “Draughting Devices,” 

p. 200. 

Check Gauge, Definition of. See “ Metro- 
§ (™)- 

Chronograph : recorder of subdivisions of 
a second. See “ Clocks and Time-keeping," 

. S (!•“>). 

Circular Calculators. See “Draughting 
Devices,” p. 201. 

Clairaut’s Theorem. See “ Gravity Survey,” 
§ (13). 

“ Class ” of Fit : definition of term. See 
“ Metrology,” § (20) (i.) (a). 

Clearance Fits : definition of term. See 
“ Metrology," § (20) (ii.) (a). 

Climate, effect of radiation on. See “ Radia¬ 
tion,” § (4) (ii.). 

Clinograph. See “Draughting Devices,” 
p. 262. 

Clocks: 

Controlled systems of. See “ Clocks and 
Time-keeping,” § (18). 

Historical. See ibid. § (2). 

Standard of actual performance. See ibid. 

I § (10). 
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CLOCKS and timk-keepino 

§ (1) Tub Measurement of Time. —Time 
enters as an element in all natural events even 
more universally than do Space and Mass, 
but whereas different lengths and masses may 
be compared, under proper precautions, with 
the same identical fiducial standards, the* 
Warden of the Standards is unable to produce 
from his presses a standard Hour or Minute 
for verification, and Time can only be measured 
by the repetition of a process. Measurement 
is therefore bound up with the theory of the 
process selected, and so is liable to adjustment, 
should the theory be varied. The main 
process obviously presented as suitable and 
convenient is the rotation of the Earth, 
though others have been proposed for 
standards, especially such as involve the 
transmission of light, as being even more 
uniform and fundamental in character. Apart 
from the rotation of the Earth, the natural 
clocks offered by astronomy are the revolutions 
of the Moon, the Planets, and the Satellites of 
Jupiter. All these are deeply involved with 
difficulties of theory or observation and can 
only be used in a last resort for confirmation 
of suspected changes. The art of time- < 
keeping is the distribution by subdivision in 
convenient form of the standard process. This 
is the subject of the present article. Before 
proceeding directly to it, it will be convenient 
to register a few points regarding thjj. definition 
and determination of the Day in this place. 

The rotation of the earth is an extremely 
good standard of uniform motion, but not a 
perfect one. It is certain dynamically that 
it is liable to change. Contraction of the body 
must accelerate it. Tidal friction must re¬ 
tard it. Both act continuously in one sense 
and therefore cannot be negligible. It wquld 
take us too far into astronomical details to 
pursue the points more fully, but it may be 
said that tjie effect of the variation can now 
be identilied pretty certainly with residual 
terms showing themselves as an apparent 
displacement of the moon and of the planbts, 
otherwise unexplained. 

.In defining the rotation of the earth it is 
necessary to make clear what is meant by 
fixity of direction. This is a matter both 
delicate and elaborate. The direction of 
very remote stars must be taker^as absolutely 
fixed. The distances arc so great that no 
velocity we could ascribe to an individual 
star would produce a sensible deviation, 
and in the mass the result would be null in 
an absolute sense. Passing to the brighter 
and less distant stars upon which daily 
observations must depend, it is generally 
agreed that these show systematic motions 
in streams, so that an origin of direction based 
upon a stream to which the sun did not belong 


would be a moving origin. The amount 0 
such that it would correct by a fraction of a 
second of time the duration of a centuiy. Tt . 
would be merged with variations in the actual 
rotation of the earth and could not l>c separated * 
out observationally. But practically, we use 
this basic reference to the mass of stars only 
indirectly. Lists or catalogues of stars made 
after full discussion show the positions of 
each relative to the mass. Of theso several 
hundreds f*re suitable for time observations. 
Their positions relative to one another and 
to the whole sphere is pretty certain down to 
0-01 sec. or 0-02 see. A full observation for 
time in an observatory will rest on the meap 
of the determinations of the moment of passage 
of, Bay, about 10 of these stars across the local. 
meridian. This might reasonably be expected 
to be reliable within 0 01 sec. But in fact, 
individual observations stand out from the 
group and one night’s determination from 
another by at least five times that amount. 
This discrepancy must be shared between the 
clock with which they are cofnpared, the 
chronographio system of recording its indica¬ 
tions, faults in measuring the position of the 
telescope with respect io the meridian and the 
horizon, personality of the observers, and, 
finally, to deviations of the stars from their 
mean places due to atmospheric causes. The 
uncertainty adds to the difficulty of testing 
the going of a clock, inasmuch as its error 
cannot be assigned with certainty within 4- 0 05 
sec. upon any given day, and owing to weather 
must sometimes go undetermined for many days 
together. This point will be dealt with later., 

* The first standard of time, then, is the 
sidereal day, and this is reckoned from the 
zcr<v of the star catalogues. This zero point 
is not itself one of the stars ; it is not a fixed 
direction as defined above, but possessed of a^ 
certain defined motion. This so-called First 
Poijit of Aries, which constitutes the natural, 
indeed the inevitable, zero for star places, is. 
one % of the intersections cf the plane of the 
ecliptic with that of \hc equator. Both 
planes arc subject to movements which are 
accepted as determined from prolonged 
observation and elaborate theory. At tbfe. 
epoch 1900 the regression of the First Point 
of Aries along the equator was 50-26" 
annually, or ^138" per day, with respect to 
Jhe mass of the stars. Sidereal time qt any 
moment measures the angle about the Pole 
by which the First Point of Aries has been 
carried past the meridian of the place, at the 
rate of 24 hours to one complete revolution oc. 
sidereal day. The sidereal day is divided into .. 
hours, minutes, and seconds in the usual way,/ 
Mean Solar Time, upon which all civil work 
depends, is never determined directly, but is 
calculated % from the observed sidereal time* v 
The link is made by the Theory and Table* 
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of the Sun for the time being current, at. 
present those of Newcomb. 1 These tables 
give the position with respect to the First 
Point of Aries of an imaginary body called 
tho Apparent Moan Sun, which represents a 
smoothed mean position of the sun, taking 
account of the whole mass of observations fm 
which the Table# are based. Just as the 
First Point of Aries gives the sidereal time 
at any place, so tho Apparent Mean »Sun 
gives the local mean time. For (ftily uso its 
position with respect to the First Point of 
Aries is calculated and shown in the Nautical 
Alnianac , under the double form of “ sidereal 
time at mean noon,” and “ mean time of 
transit of the First Point of Aries.” The 
moan sun progresses along the equator at 
the rate of one complete revolution with 
respect to the First Point of Aries in a 
“ tropical year ” of 363*2422 mean solar days. 
Tho same interval is equal to 360-2422 sidereal 
Jays. The mean solar day being divided 
into hours, ^minutes, and seconds in a similar 
manner to the sidereal day, it follows that 

1 sidereal day 23 h. 56 m. 4 09 s. solar, 

1 mean solar day -- 24 Ji. 3 m. 56*56 s. sidereal, 

ind • 

L sidereal d., h., or m. — 1 - *002730 mean 
solar d., h., or in., 

L nlean solar d., h., or m. = 1 + *002738 sidereal 
d., h., or m. 

From these relations between tho units, 
ind the relative position of the two origins 
it the beginning of the day in question, as 
riven in the Nautical Almanac , local mean 
jolar time is calculated from the observed 
oeal sidereal time. The conversion, a Jhttle 
troublesome for a detached ease, can be made 
/cry easy and rapid for systematic serial 
work. It is however unusual to employ 
surely local mean time. Based upon Green¬ 
wich as the prime or zero meridian, the \forld 
s partitioned by convention into zones of 
me hour or one half-hour in width, at tho 
margins uniting which the mean time employed 
s ekingod abruptly. Thus the Observatories 
>f Paris and Edinburgh both use the mean 
time of Greenwich, calculating it by applying 
to fclioir local mean time found, as described 
ibove, their adopted respective longitudes or 
lilferences from the Greenwich meridian. 
Che Observatory of Washington follows the 
lame process, hut allows a further 5 hours for 
inference of zone. The boundaries of tho time 
tones generally speaking follow straight merid- 
ans over the ocean, hut occasionally deviate 
to ono side or another on land so as to make 
them coincident where possible with national 
Jr provincial boundaries. Their positions as 
iccepted by tho British, French, ^and Italian 

1 Publications of the American Ephemeral , vl. part i. 


Admiralties are shown on the Admiralty 
publication. The World Time-Zone Chart , 1919. 

A further convention is required to lix the 
“ date line,” or lilie at which the date changes 
when crossed from east to west or west to 
east. It follows generally the 180th meridian 
(12 h.) from Greenwich, the day of the week 
* and day of the month being one day more 
advanced upon the western side of the line 
than upon the eastern side; but it deviates 
about half-an-hour to the east so as to include 
the East Cape of Siberia with the mainland of 
Asia, then half-an-hour to the west to include 
the Aleutian Islands with the American 
continent, and again moves half-an-hour to 
the east in south latitudes so as to bring 
Fiji and Chatham Island within tho area 
reckoning the later date. 

§ (2) Historical.— The problem of making 
a clock—that is, the provision of a secondary 
process for estimating time, by which the 
Day might be correctly subdivided to any 
degree and the results consistently distributed 
—has presented numerous difficulties which are 
not all overcome at the present day. Omitting 
primitive devices like water-clocks and sand¬ 
glasses, and the more scientific sun-dial, it 
is to be remarked that the literature and 
remains of early time-keepers are very scanty. 
'Phe art of wheel work and its adjuncts was 
developed early and, it would seem, was carried 
to^iehievements of the highest ingenuity at 
the tflnc yf Hero of Alexandria (circa 100 Ji.c.) 
in the form of self-acting models and toys. 
In the mediaeval period of our own epoch a 
parallel standard was reached in carillons 
and other musical - boxes, and in moving 
images chiming the hours. But time-keeping 
was secondary to the externals, as it is in 
most clocks to-day. This part was treated 
merely as a tradesman’s production and was 
altered or discarded without respect. It is 
probable that it did not deserve much respect 
from those who had to use it for time-keeping 
and were not skilled enough to adjust it to its 
best performance. 

The two earliest clocks known, and still 
in going order, are in the South Kensington 
Museum—one from Glastonbury Abbey,, of 
date 1325, and the other from Dover Castle, 
of date 1348. A similar clock, made by 
Do Vick or Wieck, a German craftsman, for 
Charles V. yi 1370, and restored more than 
once, is in the Palais de Justice in Paris. 
All originally belong to the period anterior 
to pendulums. The alternate detention and 
release of the wheel work w'as provided by a 
crown wheel, engaging successively two pallets 
on a verge; the verge was pivoted parallel 
to the face of the crown wheel; when the 
wheel was released by throwing out one 
pallet, immediately the other pallet was thrown 
in on tho opposite side, bringing the train to 
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rest until the second pallet was thrown out in 
turn in the opposite direction. Thus the 
problem of preventing the train from racing. 
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and of maintaining a rooking motion in the 
verge, was solved, but the sole time-keeping 
principle of this appliance was equality of 
impulse, very faultily realised in early work. 
The rate could be adjusted by shifting pendent 
weights along a foliofc or cross-bar fastened at 


right angles to the vertical verge and supplying 
a variable moment of inertia for its rocking 
motion. To control the time - keeping by 
introducing a pendulum which should permit 
or prohibit the release was the practical adap¬ 
tation by Christian Huygens (1629-1095)«of 
Galileo’s discovery of the 
isochronism of the pendulum, 
llis Horologium (1058) and 
Horologium * OaciUatoriutn 
(1073) show drawings and 
details of the arrangement of 
w heels and numbers of teeth, 
with crown and verge escape¬ 
ment carried to a eruUh 
which maintains but is con¬ 
trolled by a pendulum. 
There is further the device 
of continuous cord and 
double ratchet wheels, known 
ns Huygens* going barrel, f>y 
which the weight can be 
wound up without disturbing 
the going, and if a chiming 
train is added a single weight 
can be made to drive both 
trains. Huygens’ study of the theory led him to 
mathematical developments of much beauty 
and some importance. First, there was the 
proof that for perfect isochronism the pendulum ! 
bob should swing not in a circle, but along a ! 
cycloid, with the geometrical description of 
the manner of producing such a motion by 
means of cycloidal cheeks against which the 
flexible suspension of the bob should bear. 
In practice any such device is pernicious and 
introduces errors in excess of what it is 



supposed to remove. ITis theory of the 
motion of the pendulum led him also to lay 
down tho foundations of rigid dynamics, in¬ 
cluding a version of the principle of via viva, 
before Newton had put any dynamical 
argument upon a regular basis. 

The failure of Huygens’ device of cycloidal 
’ guides illustrates the fact that for clocks the 
theorist must work side by side with the 
craftsman. Wo owe to an unsurpassed crafts¬ 
man, CeorJ^ Graham {1074-1751), the next 
i two great contributions. Both of those have 
j only been definitely superseded in the present 
day. The first is a pendulum compensated as 
j to its length for changes of temperature by 
I making the rod of steel and the hob a vessel, 
containing mercury. Tho latter expanding 
more rapidly than the steel, nullifies the 
expansion of the latter if its amount is duly 
adjusted, which may be done by calculation, 
or finally by trial, llis other invention is the 
dead lwat escapement, described more particu¬ 
larly below. Until the introductioiyif Jiicflor’s 
escapement, which left the pendulum entirely 
j free at the ends of its swing, and with the 
i exception of a very small number like Dent’s 
j (Airy’s) at Greenwich, rfhd Tiode II. at Berlin, 
{•all the best clocks in the world still use 
j Graham’s escapement. To John Harrison 
(1092-17701, the next in the line school of 
eighteenth-century English clockmakcrs, we 
owe the introduction of the spring mainte¬ 
nance, by which the pull of the weight does 
not act upon the train of wheels directly, but 
through a spring. The spring is prevented 
from releasing its tension during the winding 
by a ratchet wheel the click of which takes off 
from the clock frame (see § (7) below). This 
replates Huygens* device in key-wound clocks. 
Harrison’s other invention of a compensated 
pendulum with a “ gridiron ” of parallel steel 
and brass rods, so‘connected that the former 
expand downwards and the latter upwards 
and the total lengths arc adjusted to suitable 
prop<<rtions (17 : 11), is a clumsy device, very 
inferior to the mercurial pendulum. An 
equivalent was, however, realised later in a 
good form by Dent, in which drawn tubes of 
' zinc and steel enclosing the steel rod effect the 
purpose of the gridiron. 

Of all writings on the clock, none exceeds 
in importance Airy’s theorem 1 that an 
irregularity of impulse at the ends o$ the 
swing changes the epoch of the pendulum, 
that is to say, its time-keeping directly, while 
ar irregularity in the midfile of its swung 
changes only the amplitude of its arc. But 
mention should bo made of the fact that it 
was partly the problem of air resistance to 
a pendulum rod and its hob that occupied 
Stokes in his researches on the motions of 
cylinders and spheres through viscous fluids, 

1 Uamb. Phil . Trans ., 1827, iii. 
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' illustrating the fertile stimulus to mathematical 
research suppljed by a concrete problem. 

At the present day effort is directed to 
realising, by a better escapement, Airy’s 
condition for equivalence to a free pendulum. 
The manner and degree in which this is 
attained is described more particularly beltfw. 
The cord and drum with their accessories are 
abolished, and the clock rewinds itself by an 
electric contact at suitable intervals. Some¬ 
times the dial and counting tr,fin is com¬ 
pletely separated from the pend Slum and its 
maintenance, forming a secondary “ slave 
clock ” actuated by electric current sent by 
the simplified primary. Compensation of the 
pendulum is much simplified by the use of 
invar in place of steel for the rod. The 
barometric error is met by enclosing the 
movement in a sealed case from which a 
partial exhaustion of the air serves as a 
final regulation of rate. And finally, in 
reliance on the principle of the “ double zero,” 
for the host work the clock theoretically 
compensated against changes of temperature 
is kept under circumstances where the tem¬ 
perature is constant. 

§(:i) Const nut tion ok the Pendulum. —The 
chief elements to consider in the construction# 
of the pendulum are the method of compensa¬ 
tion for changes of temperature, the support 
or head, and the form of the hoh. Compensa¬ 
tion for changes of barometric pressure is 
sometimes also made by an attached feature 
in a method given below, but is usually dealt 
with by sealing the case. Compensation for 
temperature changes is now almost universally 
made by the use of invar for the rod, its 
described below, hut as there are many 
excellent pendulums in use* with other*com¬ 
pensations, these will ho first referred to. 
One desirable condition for finer work is that 
the compensating device should be distributed 
as far as possible over the length of th^rod, 
so as to counteract effects of stratification of 
the air, a thing very liable to occur ^if the 
ease is sealed and the circumstances kept’ 
uniform, as in a special cellar. The gridiron 
perftlulum, which meets this condition fairly 
well, is condemned because of its liability to 
twist under expansion and behave irregularly. 
The zinc and steel pendulum ((«) Fig. 3), in 
which a zinc tube is carried uj> from the lower 
. end,of the rod, and is enclosed in a steel tube, 
pendent from its upper end and carrying the 
bob, is not liable to this objection, but the 
tubes with their layers of air form too effective 
a temperature shield of the parts which they 
enclose. The old-fashioned form of mercury 
compensation. (6), in which a steel rod ended in 
attachment to a roomy stirrup which carried 
a tray upon which a glass vessel containing 
mercury rested, shows under experiment a 
much increased air resistance, and what is 


not so obviously to be expected, a much 
increased barometric error. A better form of 
the same construction, (r), employed by Dent, 


a-) 


IS, 


(c) 




Fia. 3 . 


nelosod the mercury in a steel vessel of 


cock 

eyliil 


. yliiRlrical form with rounded edges, into the 
| top of wliich the pendulum rod was screwed, 
j Both arc open to the objection that the whole 
: compensation ^s concentrated at the lower 
; end, and hence takes place erroneously if the 
i air is stratified. Moreover, the thin rod takes 
! up its change of temperature more quickly 
i than docs the massive hob and its contents. 

| TJiose objections were in large measure met 
| by K idler (before the use of invar) by making 
j the rod a steel tube, 10 mm. internal diameter, 
! and partially filling it with mercury. The 
; hoh was then screwed to the rod ; it was 
supported at its centre of mass so that its 
expansion became a secondary matter. Some 
examples are given (1894) to show the excellence 
with which the compensation has been effected 
with this device in one of his clocks. <Gui¬ 
llaume's invention of invar has, however, 
abolished the use of the steel rod and mercury 
compensation. The expansion of invar is 

anything from one-twelfth that of steel down 
to zero. Hence a brass tul>e or collar, pinned 
at its lower extremity to the invar rod, and 
4 or 5 cm. in length or less, will effect the 
compensation. The bob, usually of typo 

metal, is carried with its centre of mass 
resting on the upper end of this collar; or 
the collar may be dispensed with, and the bob 
carried on a pin through the rod from a point 
below its centre of mass. The construction 
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is here extremely simple and regular. There than half that amount. Even springs 2 mm. 
remain, however, the criticisms that the brass in length perform well. The spring is somo- 
compensator on tho inner part of the bob times in one piece, sometimes of a pair. N lhe 
is somewhat shielded agafhst ready com- purpose of using a pair is to avoid possible 
in unication of heat, and the whole compensa- buckling when the spring is gripped by e / 
tion is concentrated at one end. To meet upper and lower jambs. But if its use results 


the latter objection Richer cuts his pendulum i 
in the middle, uniting the halves by a sleeve 4 
in which is the compensating device. The 
calculation of tho lengths follows from the 
formulae given below. It. will be noted that 
the change of the radius of gyration of the j 
bob under expansion plays a part in it. This j 
was first taken into account by Richer. Ih j 
spite of the theoretical care devoted to tlic j 
compensation of pendulums, there are ob¬ 
scurities in their performance when serving , 
enclosed clocks or exposed to sudden changes 
of temperature. More experimental study is 
wanted. It would be easily practicable to 
make tho compensation adjustable in such a 
manner that it could be set. by trial after the 
clock was completed. One such method is 
shown below in King's pendulum. 

A lens-shaped form of bob has been fitted 
by some good makers, but a cylindrical one 
is usually preferred, and among cylinders one 
that approaches more or less to the form of 
a sphere because the sphere is the figure of 
least surface for a given content of mass, and 
so may be supposed to reduce skin friction. 
Exactly what way air resistance attacks t^e 
pendulum has not been fully worked^outf but 
it can be verified that even trifling projections 
on the bob increase it materially, 'flic edges 
of the cylinder should thercfoje be bevelled 
away to avoid production of eddies, and the j 
surface given as high a polish as it will take. 
Type metal will take such a polish very well. 

The head of the pendulum and its method 
of suspension require description. Expeij- j 
ments show that a pendulum, supported by j 
steel knife edges rocking upon agate, main- j 
tains its arc at least as well as the best spring j 
suspension so long as the edges are in good j 
order. It is used as an accessory feature on 
Riefler’s construction, as will be described 
below, but otherwise it has generally been 
re j opted on the score that the knife edges 
change with wear, although its features are 
well known in connection with the construction 
of balances, and it presents some distinct, 
advantages. Among these, the only motion 
geometrically possible is uniplanar, and any 
desired variation of the arc-equation or 
circular error could bo introduced in a form 
not open to objection by suitably adjusting 
the cross-sections of the knife edges and of 
the bed on which they rock. 

Turning to the spring suspensions actually 
* practised, there is considerable difference in 
the lengths and strengths of springs employed. 
The lengths range from 1 cm. or more to less 


» 



Fig. 4. 


in tolerating a lie of the two springs which 
is not eoplanar, nothing is gained. It is 
clasped above and below between jambs, very 
! carefully gaged in respect to parallelism, and 
j then pinned or screwed together, taking care 
| to avoid any suspicion of buckling. Tho 
j lower jambs arc arranged to hook with a good 
! fit into the upper extremity of the rod, and 
! through the upper jambs the cross head 
I passes and is secured by binding screws. This 
I cross head is usually made circular in section 
and the pendulum allowed to take tip its 
own position with respect to the vertical, t 
bftt Rieflcr provides for the same end by 
passing two small eone-ended screws through 
the ei*>ss head upon the points of which the 
pendulum rests. The. clock is adjusted for 
beat by turning these screw's. A pendulum, 
by King, whose ctock is further described, 
Fuj. 4 (b), presents features worth remark. A 
plate* is fixed at the bottom of the bob, 
through which a screw bolt passes which is 
fixed to the end of the inner rod. Coarse 
adjustment for rate is made by turning tho 
bob, and the expansion of the bob upwards 
more than suffices to compensate the ex- 
| pansion of the rod (which it appears in this 
j specimen is sensibly # zero). The head is 
T-shaped, inches broad by 3f long, and 
! thsough its shaft the upper end of the iiyier 
rod passes freely. A number of holes pierce 
the shaft of the T and also the inner rod, and 
a single pin passed through one of them 
supports the pendulum while leaving it free 
to find its direction vertically. The springs 
support the T ; they arc 2 inches apart and 
1 1 inches long. They arc not pinned to the 
T or to the fixed cock, hut hear upon them 
with rounded .cheeks. By shifting the support¬ 
ing pin to different holes we have a means of 
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altering at will the temperature compensation 
without othorwiso altering the length of the 
pendulum. 

I add hero the necessary formulae hearing 
upon some of the cases referred to above. 

§ (4) Period ov Free Pendulum. —If 2, r/n 
is the period, and l the length of the simple 
equivalent pendulum, so that n — (l/g the 
length l is dependent on the variations of g. For 
the seconds pendulum the period is 2 seconds, 
so that l-g/tr*. Ilelmert’s formujt for g, 

78 03 + 5-18 Bin 2 0 — -00031H em./see. 2 , 
whore <p is tho latitude and II the altitude in 
metres above sea-level, agrees with observation 
generally within about t 0-02 cm/sec. 2 , sub¬ 
ject to some anomalous cases of excess. The 
corresponding formula for l is 

I 00-005 +0-524 sin 2 0 —000031H cm: 

Reducing to a table, as regards the latitude 
correction we have 



l. 


l. 


• 




cm. 


cm. 

0" 

99 095 

50° 

99-402 | 

10 

•in ! 

00 

•488 

20 

•150 

70 

•558 

30 

•220 

80 

•003 

40 

•311 

90 

•619 


The derivation for the formula Cor n for free 
oscillations in vacuo of a pendulum supported by a 
spring of given strength is given in Proc. R. Hoc. 
Edin. 1918, xxxviii. 85; very approximately it runs 
■\(d |- J.?) 2 -rk 2 } n 2 —g{d -f s\~ l coth X} 
where s is the length of the spring, d the distance 
from its point of attachment to the centroid of the 
- pendulum, k the radius of gyration about tho centroid, 
and X depends on the spring, viz. ® 

X —s V (%/E), E = /jtfftc 3 , • 

■ where h, c are the breadth and (Stick ness of the spring, 
and q. Young’s modulus for steel, say q — 2-O.^M) 12 
dynes/cm. 2 X is largo for a weak spring and 
diminishes for a strong one. In tho usua^ case, 
for a spring which is short and comparatively weak, 
we may take 

j .a 

* l=*d t-sfl- X" 1 coth M+j* 

4 . With specimen pendulums in common use, X may be 
found to have values between,. say, 1 and 2, and 
consequently tho coeflioient # of s to range from about 
--32 to j -48. Geometrically most of the eurvatujo 
. of the spring takes place close to the upper jambs, 
tho greater part of its length is nearly flat, and there 
it? a second increase of curvaturo close to the attach¬ 
ment to tho rod, due chiefly to the gyratioual inertia 
of tho bob. Under maintenance, the behaviour of 
the spring is different. For example, if an impulse is 
given in tho vertical position, and above the centroid, 
tho initial form of the spring will contain an inflexion. 
.v’Such a difference will make the maintained rate of 
the pendulum different from the free rate. 

■’ 1 See “ Simple Harmonic Motion,” Vol. I. 


The oscillations of a pendulum arc only isochronous 
for indefinitely small arcs. Taking the case of the 
simple pendulum executing vibrations of st.-ini- 
amplitude a, tho eqtfcition of motion is 

l (^) = 2j j (cos 0 - cos a), 

when tho time taken, the position {0), and the vertical 
position is 


. o . a . g 

or writing sin ^stn r* irT 

we have 



l 2 . 

*- 2 * wn 


2 


tt 

2 


sin 2\pri . o <* 
- snr . 
tt L8 2 


l 2 .3 2 
2 2 .4 2 


sin' 1 


a 

2 



a 

2 


4- . 



xp — ir gives the half |>eriod corresponding to the 
full excursion; l -1 increases with a; multiplied 
by 80,400 we have the losing daily rate of a simple 
seconds pendulum swinging with semi-arc a. This 
is the “ Circular Error.” The effect upon time¬ 
keeping, owing to this cause and arising from a change 
from one arc to another, is found by the difference 
of tho rates assigned for tho two arcs. The follow¬ 
ing table is extracted from Proc. R. »Soc. Edin., J918, 
xxxviii. 109. 


■ 

Daily Rate. j| 

... 

Daily Rate. 







• 

secs 



see*- 







1417 

! °' 

•000 

40 ; 

100' 

11 699 

1508 

10 

-Obi* 

137 

170 

13-207 

1599 

20 

•183 

; 

228 

180 

14-8(H> 

1092 

30 

•411 


190 

10-498 




320 



1783 

40 

•731 

411 

200 

18-281 

1874 

50 

1142 


210 

20-155 




503 


* 

1905 

00 

1045 


220 

22-120 




594 , 



2057 

P 70 

2-239 

085 1 

230 

24-177 

2150 

! 80 

2-924 


240 

2(5-327 

• 



778 



2241 

90 

3-702 

808 

250 

28-508 

2331 

100 


959 : 

200 

30-899 

2423 

110 

5-529 

; 

1051 1 

270 

33-322 

2515 

120 

6*580 

I 

1143 

280 

35-837 

2000 

130 

7-723 

1234 | 

290 

38 443 

2097 

140 

8-957 

1325 

300 

41-140 


150 

10-282 



* 
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The change of daily rate for change of arc may 
also be taken from the formula 

AT = 1(T 3 x 0*-91V 

where a, Aa are expressed in minutes. 

Under the heading of Observed Performance of 
Clocks, some examples will be given later ol compari¬ 
son of these numbers with observation. As a rule, 
search in the rates for exhibited circular error is 
unsuccessful. A number of causes may contribute 
to this. In the first place the variations of are 
offered for examination are small and variable. 
If Airy's condition (below, § (7)) is not satisfied, 
the escapement contributes an are-term to the rate 
which is merged in cireulur error. Finally there *is 
the question how' closely the equation of motion may 
be identified with the form 



a 

—-2rg(c os 0 — cos a), 


from which the theoretical circular error is derived. 
For ordinary arcs the difference between this and 
a right-hand member of the form ?/(a a -6> 2 ) which 
would give strictly synchronous motion is excessively 
slight. Cireulur motion corresponds to a lift of the 
M> equal to /(I-cos 0) — \lp z - .... For 
a semi-are of 1(H)', in a seconds pendulum, these 
two terms amount respectively to 0-42 mm and 
0-30 10" * nun. The presence or absence of this 
latter term w ill affect the rate by 4-fi7 see. per day. 

It is very desirable that the knife-edge suspension 
of a pendulum, so much simpler geometrically than 
the spring, should be investigated more fully. 
Kiefler’s construction shows that it. may !*' used 
successfully in the finest clocks. By giving th? edges 
and the bed on which they roll specific curvatures 
any desired coefficient can be given to the term 
in O 4 . But the effect to be produced is so excessively 
small that the best results would probably l>e got by 
directing attention to the production of true uniform 
surfaces for the bed and edges, and then keeping 
the are of oscillation nearly constant, without 
attempting to give specified curvatures, defined in 
advance. * 

As regards the compensation of the length against 
expansion by rise of temperature, the condition is 
that the length of the equivalent simple pendulum 
should be unchanged, viz. 

k* 

l — d-i-sfx+ ,, • 

a 

where fx stands for the factor 1 - X 1 coth X. 

In tliis expression d is the distance of the centroid 
below the point of attachment of the spring; it will 
consist of a number of length terms, each multiplied 
bv a coefficient representing a fixed factor of mass. 
Hence if d is made up of a number *>f lengths d s , 
and m x stands for the associated mass-factor, while 
A d x . . . represents the linear expansion per 1° C\, 
the condition to be satisfied is 

/ fc 2 \ , 2klk 
0 « 'Zvi/Ij, M - fjt 1 -f F d . 

In this expression those terms which represent 
masses supported Jrom below, as rising collars of 
brass or zinc, columns of mercury, etc., must be 
reckoned negative coefficient. There are 


substantial uncertainties attaching to this calculation; 
the possible eauses for which will have been gathered 
from the foregoing pages. As a result, some of the 
finest clocks are not found to hold their rato under 
changes of temperature. An approximate calculation, 
together with a construction which allows adjust- 
uymt by trial after the clock is going, would produco 
more reliable results than are at present shown. 

§ (5) Adjustment op Rate of the Pendu¬ 
lum.— There are three means available for 
adjusting *tho rate: (1) by threading the 
extremity ol the rod with a screw, upon which 
the bob may be turned in order to raise or 
depress it; (2) by adding weights upon a tray 
fastened usually half-way up the length of 
the rod, and (3) by altering the barometric 
pressure within the sealed clock ease, as 
described in the next section. There are also 
magnetic methods that will bo dealt with 
under the heading of Controlled Clocks. 

With regard to (l) from the period equation 

T I . 


wc have 


<VT M 
T 2 r 


iHence the change in length which produces a 
change of rate of 1 see. per day is lj 43200 — 
0-023 mm., or say -001 inch, a convenient 
number to remember. As regards (2), if M is 
the mass of the pendulum, and a small mass 
AM is added at a distance h below the point 
of suspension, variation of the formula for l 
on p. 207 above gives 


AM, “A , A 2 "l 


The maximum vtiluc of the factor of - AM/M 
is given by h — \d(\ +A 2 /d 2 ), and is \d 
(1-1 -A 2 /d 2 ) a . The tray is accordingly usually 
placed about half-\Vay down the rod ; but the 
rule # is unimportant; thus h — \d , for example, 
will only reduce the factor to about 3/lCd. 

Fog a pendulum of 7 kg., a gram added on 
a tray half-way down the rod gives a gain of 
rate of 1*55 sec. per day. 

$ («) Air Resistance and Buoyancy.— The 
presence of air about the pendulum declares 
itself in two features : it is the principal cause 
of the decay of motion, and when the air 
pressure varies, there is a change in the rato 
o$ the clock, known as the barometric equation. 
Taking the latter first, theoretical researches 
have, as so often in physical questions, proved 
of greater interest mathematically than 
practically by pointing to a field that was 
worth exploring. They do, however, give a 
rough indication of what effect to look for, 
and the numerical results actually experienced 
are not outside what may be derived from 
reasonable cyialification of the strict data. If 
p is the density of the bob, and <r the density 
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of air, buoyancy would have the effect of 
diminishing the effective weight of (lie bob 
in the ratio 1 -<r//>. At the same time, if the 
motion is taken as parallel to that of a solid 
though a frietionless incompressible fluid 
moving irrotationally, the presence of the 
fluid would increase the inertia of the boh 
in the ratio 1 -t where the factor k 
ranges from the value h for a spherical bob 
to 1 for an elongated form approaching that 
of a thin rod. Taking both faetofii together 
gravity would be effectively diminished in 
the ratio 1 - (k + l)<r//>. Having regard to 
the period equation, 2T — 2 tt/» — 2ir >J(lJ{l)> ' ve 
have 5T/T - - } 2 8g/g = + £(/>• + 1) Atr/p, where 
Atr represents the variation in density of the 
air. Hence if the clock is running truo with 
the barometer at .‘10 inches, and p is taken 
at the density of lead and k at its least value, 
a rise of barometer produces a losing rate 
per day of (>2(i see. per 1 inch, or 0-010 see. per 
1 mm. 'I 1 his is for a pendulum moving in the 
open or in a very large container; but in fact 
there is often quite a small clearance between 
the case of the clock and the bob ill motion ; 
the air currents set up, which can be traced 
by hanging pieces of gold leaf within the case, 
are of a regular reciprocating kind and must 
modify the result numerically. It is easy to 
make some estimate of the degree in which 
they modify it by considering one sphere 
executing small oscillations within an outer 
fixed sphere. The result might add one- 
fiftieth to the value assigned above. Much 
more material is the interpretation of the 
density of the bob.” It may easily be 
supposed that as the figure is not in fact a 
smooth sphere hut has at least the projection 
of Iho rod and usually others, it will ftirry 
with it a certain volume of air which must 
be added to ifs own volume in assigning its 
effective density. The inference is that the 
figure above will be a minimum, and the 
actual value must- be ascertained by experi¬ 
ment in each ease. It will lx- seen .from 
the numerical particulars given below (§ (19)) 
that the equation determined experimentally 
may*he as much as 0*72 sec. per 1 inch. Hut 
in assigning it to its cause there are further 
considerations to he applied. An increase of 
pressure is followed by a diminution of the 
are of swing. The amount /if diminution 
depends upon the construction of the eas<*, 
the air pressure within it, and character of the 
maintenance, but may be taken generally at 
about 30" in semi-are for 1 inch of the baro¬ 
meter. This variation of arc will show itself 
iii the rate, through the are-rate equation 
dealt with below. So far as the are-rate 
equation consists of the calculated circular 
error, this would tell in a sense contrary to 
the barometric equation, making the clock 
show a gaining rate with the decreased arc 


[ due to an increased pressure, and so far 
aripullirig the barometric equation. Hut there 
is again the question of how far the motion 
really follows circular motion, and further 
what is the amount and sign of the escape- 
re or t error which combines with the circular 
error to give the entire arc-rate equation. All 
•these points require further study. 

When the clock is enclosed in an air-tight 
case the barometric equation supplies the 
method generally used for altering the rate 
of the clock at will. If the pressure within 
the case is kept normally a few inches below 
attnospherie pressure, a correction of rate 
of -i-0-o sec. per day is easily available in a 
form that ensures no disturbance of the pen¬ 
dulum when applying it. 

If the clock ease is not kept air-tight the 
barometric equation may be corrected by ail 
attachment, proposed by Robin¬ 
son of Armagh (J lcm. li.AJ S'., 

1831, v. 125), in which a 
mercurial barometer of suitable 
bole is fastened to the rod of 
j the pendulum (see Fig. 5). In¬ 
creasing pressure diminishing 
effective gravity in the bob 
# induces a losing rate, but at the 
same time by transferring mer¬ 
cury from the botlom to the 
top of the barometer shortens 
the effective length of the pen¬ 
dulum, ami the two causes can 
be made to cancel one another. 

! A barometer tube of 1-5 mm. 
i diameter would* for a rise of 1 
J mm. of the barometer, effect a 
' transfer of -012 gr. to the top, 

: say at a distance j of the length 
of the rod from the point of 
; suspension, and this would cor¬ 
rect. a barometric error of 0 010 
see. ]>er mm. for a pendulum 
| of 10 kg. It could be adjusted 
j to an exact balance with the 
j observed barometric equation 
b/ raising or lowering the point 
of attachment to the rod. 

In respect to the frictional effect of air-in 
reducing the. motion of the pendulum, existing 
t heory is of little service. The equations which 
! give, say, the steady motion of a sphere through 
I a viscous fluid dojiend upon assumptions that 
the inertia terms are negligible in comparison 
j with the frictional terms, and this requires 
that either the size of the sphere or the 
velocities considered should be extremely 
minute. If the resistance proportionate fco 
its velocity thus offered to a sphere of 10 cm. 
diameter is calculated, it would indicate a 
coefficient, corresponding to njti used below 
(§ (7)), of about one-fiftieth of that experi¬ 
mentally found present. 
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In default- of a clear guide as to a theoretical 
form around which observed results may bo 
oha|>ed, it is necessary to build up an empirical 
equation from observations. In actual clocks 
the pendulum is subject to loss of energy 
not solely by air resistance but also by the 
work of releasing the escapement. Experi¬ 
ments show that for the best escapements thd 
energy robbed from the pendulum for this 
purpose may be about the tenth part of that 
required to overcome air resistance under 
ordinary circumstances of atmospheric pressure 
and with an arc of about 3°. Leaving this 
part aside, the resistance to a free pendultfm 
may be examined by the rate of decay of its 
are. To obtain good determinations some 
precautions are wanted. First, it may be 
said that no consistent results will be got 
without closing the case of the clock and 
protecting from all air currents except those 
which the pendulum itself sets up. The 
reading is made with a reading microscope 
carrying an eyepiece scale and viewing a 
scale, divided say to 10', carried by the 
pendulum. The carried scale is not visible 
while in motion but comes into view for an 
instant at the end of each swing. With a 
little practice the readings can bo made 
exact to as small a quantity as 2". It is then 
found that the logarithmic rate of decrease 
of energy per second may be written 



where P and Q are quantities which vary 
with the barometric pressurt, and a is the 
semi-are, in minutes, executed by the pen¬ 
dulum. For a pendulum with a bob 7 kg. 
in mass and cylindrical form, 12 cm. high and 
9 cm. diam., swinging in a cylindrical case 
about 30 cm. diameter, the values may 1 be 
given 

10 1 x P--*75 + *63 x (barom./30 inches) 

10 4 x Q ~ + '27 x ( ibid. ). 

In consequence, a semi-are of KM)' will 
diminish to about 7in an hour. For a more 
missive pendulum the value of R may be 
found substantially diminished, but will 
always contain a term which is independent 
of the air density. 

The unit of time is 1 sec., so that irjn-~ I. 
Thus, for example, for different semi - arcs 
for this pendulum 

a. k/h y 10 1 

const, term. bar. term. 

0' *24 -20 

50' 24 -23 

100' '24 -29 

§ (7) TlIK EsCAI'KMENT ANJ> MArtfTKNANCK. — 
The first function of the pendulum is to jiermit 


the periodical escape of the counting train, 
and its subsequent locking after advancing 
one step; and associated with this is the 
function of the train, as maintenance, to give 
an impulse to the pendulum that shall restore 
the motion it has lost between two releases. 
Ill a modern precision clock the counting 
function of the train is quite subsidiary; 
it should be quite detached from the action 
on the ]>endulum ; it may indeed be pci-formed 
by meansSf an external slave clock controlled 
by the master clock through an cleotric 
signal. We shall therefore treat the matter 
primarily from the point of view' of mainte¬ 
nance. In describing below a certain number of 
forms of maintenance actually iri use, criticism 
of them will be more intelligible if we first 
examine theoretically the conditions for 
correct maintenance. 

These conditions arc contained in a theorem 
of which the original form is due to Airy. 1 
If a* —a cos (n'l+t) represents a steady (main¬ 
tained) oscillation of the pendulupi, (hen any 
irregularity of the maintenance may produce 
changes Aa in the semi-arc, Ac in the epoch 
or phase, supposing n' prescribed by the 
construction. A change in the phase is a 
change in the time-keeping, since it affects 
the moment at which the pendulum reaches 
a prescribed position, say the vertical position. 
A change in the are, will affect t he time-keeping 
indirectly through the rate, by the circular 
error or whatever function of the are replaces 
this in any actual case. Then writing x as 
a solution of the equation 

t X 4* kJ‘ H‘X -- it, 

where R stands for the maintaining force 
divided by a mv,»s-eoellieient, the theorem in 
question runs 

Aa — \ I Alt cos rdi , 

n J 

Af= — \ I a _1 AR sin 7 (It, lr = n'I + €]. 
nj 

The condition for lixed epoch, Ac = 0, is 
usually compressed into the statement that 
if the impulse is made at the bottom of* the 
swing, i.e. at the instant when t~ 0, any 
variation of it represented by Alt will produce 
no effect on the tin^e-keeping. But this is 
an imperfoct version of the fact- The impulse 
may vary in any way on either side uf the 
bottom of the swing, provided only that it is 
symmetrically distributed. Failing such sym¬ 
metry each impulse produces a change of 
epoch, and the time-keeping will vary if the 
intensity of the impulse varies. An im¬ 
mediate consequence is very important. In 
nearly all clocks (before Ricfler’s construction) 
the pendulum is connected to the train through 
a crutch. /The crutch is a rocking piece 
1 C.amb. Phil. Soc., 1827, iii. 105. 
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carrying on one aide the anchor or escapement 
proper, and on the other communicating with 
the pendulum, usually by means of a fork 
which encloses the pendulum and is moved 
to and fro by it, and in return conveys the 
impulse of the train to it. It is not clear of 
the pendulum at any part of the swing. Z t 
constitutes, therefore, a second pendulum of 
an entirely different natural period. Under 
no circumstances could the pendulum proper 
be free at the end of its swing, because it must 
either carry the crutch forward to that point 
or hold it back from going beyond it. Any 
jar, even the residual vibration shown by 
analysis of the vibrations of the ground and 
walls, would be conveyed to the pendulum 
through the crutch at the point of the swing 
where it could affect the time-keeping. 1 
There can be little doubt that the abolition 
of the crutch is the most important, element 
in the time-keeping of Richer s clocks. 

The actual maintenance will as a rule 
consist of, first, a loss of energy by the pen- ; 
dulum while it unlocks the maintenance, 
followed by an impulse which may he variable 
in intensity and may last for a finite part of 
the swing. It. is periodic and discontinuous, 
and therefore its natural expression will in all. 
eases be in terms of a Fourier series, of which 
the fundamental period is 2T-“2 tt/h', say two 
seconds. Of such a series the only terms that 
matter are the first, say A eos n't + B sin n't, 
if we take c 0 — <) to correspond to the vertical 
position ; it is nearly obvious that these will 
far outweigh in effect, their overtones, and it 
may be verified strictly that such is the case. 
Airy s condition is simply, B -0. For any 
given form of maintenance A, B arc im¬ 
mediately determined by the equations • 

^ A — n' I R eos rdt, ^B ~ n' f R sin rdt ; 

but in many cases it will suffice to make a 
graphical analysis, by plotting the dis¬ 
continuous impulse ami running a sine curve 
through it by eye, when the value of B may 
lie flicked up by identifying the result with 
the form 

( B\ 

n't- tan- 1 -A. 

An illustration will be given under the 
description of the Graham dead-beat csca^> 
ment, below r . 

The maintained periodic motion of a 
pendulum presents one most essential differ¬ 
ence from the cases of approximately syn¬ 
chronous motion met with elsewhere and 
leading to large amplitudes of vibration for 

1 Airy himself was a bad offender in this respect. 
The crutch of the standard sidereal clock at Green¬ 
wich constructed for him by Dent., with his chrono¬ 
meter escapement, is particularly massive. 


small intensities of force. In the case of the 
clock pendulum the period of the impulse is 
strictly identical with the natural period of the 
pendulum. Some difficulty might he antici¬ 
pated in solving the equations ; in fact the 
case is very simple, but it differs in form from 
eases of mere syntony. Write 

x -i A.i‘ + n*x - A cos n't + B sin n't , 


where 2 tt/h' is the true period of the solution, 
then we have the exact equations 

x ~ sin ( n't + c 0 ), 

* Kit- 


where 



Ik 

Ah' 


It is often stated that the. frictional forces in a 
clock affect the period of oscillation of the 
pendulum only to .the second order. This is 
an inference from the expression for the com¬ 
plementary function Ccxp( - cos (vl I a), 
where v~ -n* - ,{ k “. We sec that this state¬ 
ment is erroneous. The value of xfn will 
modify the period to the first order, unless 
B — 0. Any variation in the value of a//i, as 
by thickening of the oil, or an unsymnictrical 
irregularity of whatever kind, will under the 
same circumstances show itself in the time¬ 
keeping. The condition B O may he read 
as a specification for symmetrical distribution 
orthl impulse about the lowest point, showing 
that if Airy's condition is violated, variations 
of other circumstances may find their way 
into the rate, affecting it in proportion to the 
first order of their magnitude. 

I shall now proceed to a brief description 
of the most important actual escapements. 
It may be premised that these descriptions 
are not meant for craftsmen to wank from. 
Such descriptions arc given in more technical 
works to which reference may he made. 
The points to which the following remarks 
are addressed, are first, the intention of the 
appliances used, and secondly, a criticism of 
them as they affect the time-keeping. 

§ (8) Dead-beat Escapement. —The going 
train of wheels ends in a scape wheel of .30 
pointed teeth, undercut so that they bear only 
with their points. Attached to the crutch, and 
therefore rocking to and fro with the pendulum, 
is the anchor which can just permit the scape 
wheel to pass between its pallets, but in actual 
movement holds it up alternately on one side 
and the other. The anchor will enclose a 
space of, say, seven and a half teeth. 1 he 
acting faces of the pallets arc sloped at their 
extremities so that when the swing of the 
pendulum brings this point under the tooth 
i of the scape wheel the tooth runs down this 
slope under the action of the train, giving the 
I pendulum an impulse in doing so. Preceding 
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the sloped face is the “dead” face of the sense up to the position A (t - 0-. r )0 sec.), 
pallet. This is curved, to a centre at the after which it is reversed and so lasts up to 
pivot of the anchor, so that while the tooth t 0-77 see., when the now escape and impulse 
t >f the scape wheel commence. Taking impulse and pallet friction 
is in contact with separately and supposing each constant in 
this face, sliding up magnitude, the diagrams will run as in Fig. 7. 
or down with re- •’ The dotted curves show the sine curves of 
speet to it, no work? period 2 see., corresponding to the first 
is done either way harmonies, which best represent the given 
apart from friction, forces. It. will be. seen that the impulse may 
The pieces arc set be completely symmetrical about the lowest 
out so that the point of swing, and the pallet friction only 
middle of the im* fail to be so in so far as the drop of the tooth 
pulse takes place *in does not come exactly on the point where 
the vertical posi- the slope of the pallet begins. But again 
tion of the pen- any irregularity of the friction, especially in 
dulum. When the the neighbourhood of A, A' at the ends of 
impulse is past, the swing, will shift sensibly the zero of the 
i'lCJ. 0. train is free from second curve, corresponding to a change of 

control and would epoch. 

“ race ” if the pallet on the other side were not 1 The contact of the tooth with the pallet at 
now in position to restrain it. The scape-w heel j the end of the swing, when the pendulum is 
tooth drops on this pallet, just beyond the j most sensitive to disturbance of jts epoch, is 
sloped face, and is locked on the dead face. ; the weakest point of the construction, as of all 
By the swing of the pendulum the. dead face is constructions w here the 
carried past the motionless tooth in contact pendulum is linked with 
with it up to the end of the swing and back the traditional crutch and 
again, until linally the sloped face coming * fork, which must, alw ays 
beneath the tooth the latter repeats the opera- be made a little loose, 
tion of impulse and escape. The scape wheel and oiled, and is so liable 
is made of brass, thin and well hardened by to variation of action by 
hammering; the anchor of steel and jfhc ! thickening of the oil. 
pallets preferably of sapphire. The tcihh of i A much improved form 
the scape wheel and the pallets arc oiled. ! employed by Mr. E. T. 

This escapement performs so well that though j Cottingham may be ap- 
it. must, now be considered superseded for the plied with advantage, 
finest work, only an insignificant proportion j The crutch is made 
of the best clocks are at the present day titted slightly overweighted on 
with any other. The theoretical features of one »side and s*l> hears 
the esca|>ement may be clearly seen by making ’ constantly on one side of 
the graphical analysis of the forces called the pendulum, and the 
out. by the method referred to in § (7). sole connection between 
Lay out t along the axis, and denote by the thery is a double-ended 
points B, A, B', A' the lowest position, the* needle, which may act. in Kiu. s. 

jewel,cups. This greatly 

diminishes, though it does not abolish, the 
disadvantages of the crutch. 

§ (9) Gravity Escapements. —Every weight- 
driven clock depends upon gravity, but the 
name gravity escapement is rt served for the 
class in which the maintenance of motion is 
Pig. 7 . • effected by a small weight which is picked 

up by the pendulum in its swing, carried to 
complete excursion to the right, Uie return to the end of its arc and back again, being 
the lowest position, and the complete half j relinquished at a point lower than that at 
excursion to the left, respectively. Suppose I which it was picked up ; the train resets the 
the impulse lasts for 1° on either side of the j weight in its first, position ready to be picked 
lowest position, and the “ supplementary ! up again by the pendulum on its return. The 
arc ” or angle pei-formed after the impulse i great feature of this construction is that the 
ceases is .]°. With these numbers the impulse j impulse on the pendulum is independent of 
extends for a time 0-22 see. on either side of , the force in the train, and therefore it is par- 
11 or B', and the pallet friction begins soon ! ticuJarly well suited to turret clocks where the 
after the impulse is over and is in the opposite I reserve of force must bo large in order to drive 
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the hands in all weathers, and lienee would 
be liable, with the dead-beat Graham escape¬ 
ment, to cause the are to vary widely. The most 
celebrated and best tested of the numerous 
designs is Beckett's (Lord Grimthorpe’s) 
Double Three-Legged Gravity Escapement, 
as fitted t.o the great clock at Westminster. 

The impulse weights arc 
two pendent brackets 
pivoted near tho top of 
the suspension spring, on 
either side of it; each 
carries a locking stop for 
holding up the train, and 
a pallet for receiving the 
lift from the train in the 
form of a projecting arm. 
The scape wheel of the 
train is triple, consisting 
of two three-legged pieces 
anil between them three 
lift pins. To guard 
against possibility of rac¬ 
ing, a large fly is attached 
f.o its arbor. The pins 
are in the plane of the 
brackets, and the three- 
legged pieces outside 
them, in the planes of 
their respective stops. The figure shows the 
pendulum moving to the right and just about 
to take over the right-hand bracket which 
is in its upper position, as may he gathered 
from the position of the leg or tooth upon its 
stop. When this bracket is lifted the leg 
escapes, the pin lifts the left-hand bracket, 
and then the leg of the alternate piece locks 
upon the stop of this bracket, leaving it ready 
for release when the pendulum return^ and 
makes its swing to the left. 

To adapt a gravity maintenance to high- 
precision time-keeping is an inviting problem 
that has often been approached with more or 
less complete success. Among designs actually 
put into operation may be mentioned Tiede 
11. in Berlin, 1 Gill's clock at the Cape Observa¬ 
tory, and E T. Oottinghani’s at Edinburgh 
Observatory. 2 The last is extraordinarily 
simple, containing only two moving parts 
besides the pendulum. The impulse is given 
once in two seconds. The stops for the crutch 
or gravity bracket are reset by an electro¬ 
magnet actuated by a contact made and 
broken by the pendulum when it picks up 
or drops the crutch. This feature requires 
careful treatment, but it possesses one. remark¬ 
able advantage, viz., that tho signals represent, 
absolutely the motion of the pendulum and 
contain no adventitious element such as is 
inseparable from an indirect contact. 

All those constructions are open to two 

1 i'omter, Antrim. Narhr., 1878, xei. No. 2182. 

2 Proc. lloy. Soc. Edin., 1018, xxxviii. part 1. p. 83. 


objections. The weight of the impulse piece 
must be considerable in proportion to the 
energy it has to convey, since it is only the 
difference of its excursion upwards and down¬ 
wards that tells ; and as it. must not he picked 
up near tho end of the excursion it has to he 
done when the pendulum is moving with 
.considerable speed, and therefore with an 
impulsive stroke that results in vibrations. 

§ (10) The Chronometer Escapk.mknt.-~ In 
the chronometer escapement, as finally de¬ 
veloped for marine chronometers by Arnold and 
Earnshnw, the balance wheel carries a pin or 
tooth that displaces a detent which holds the 
train locked. As soon as the detent is dis¬ 
placed the train escapes and gives an impulse 
to the balance wheel. On the return of the 
balance the pin must pass the same, point, 
with the detent in its locking position. This 
is effected by making the. tip of detent easily 
flexible in one direction but stiff in the opposite 
direction ; the detent being prolonged to a 
l * horn,” which is a light steel lever, against 
which, and projecting slightly beyond it, is 
fastened a weak spring made of a strip of 
gold. In one direction the pin can readily 
thrust this gold spring aside, in the contrary 
one it thrusts it against the “ horn " and 
releases tin' detent. 

The best-known application of this escape¬ 
ment to clockwork is the Sidereal Standard 
Clock at Greenwich, constructed by Dent in 
LSI2,*and up to the present day so employed. 
The plan is described in a crude diagram by 
Airy, 3 reproduced by Grimthorpe. The actual 
workmanshio of the clock is extremely line. 
The principle is exactly that of the chronometer, 
substituting for the balance wheel the to-and- 
fro motion of the crutch, an arm attached to 
which releases the detent and receives from 
the train an impulse on the pallet. A great 
advantage of a construction involving uni¬ 
lateral impulse once every two seconds is that 
it permits the adjustment of the moment of 
impulse to any chosen phase, of the motion of 
tho pendulum, and therefore the satisfaction 
ofr Airy’s condition for no disturbance of the 
phase. There is also the absence of dead 
friction, but this is in large degree nullilied 
bv the use of the cruieh, the objections to 
which have been given already. A neater 
form, than Airy's for carrying out the same 
idea is shown by Grimthorpe, 4 who at. the 
same time recommends discarding the crutch, 
if it were practicable. But a much better 
application of the chronometer escapement 
has been invented and constructed by Mr. 
W. F. King and is in operation at the Royal 
Observatory, Edinburgh (Fig. 10). The impulse 
is given at the foot of the pendulum, which 
allows condensation upon a much smaller 

3 Climb. Trims., 1827, ill. 11)5. 

4 Clocks , Watches, Bells, 8th ed., 1003, 100, 
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arc. II, is given horizontally, upon a stone 
pallet, once every two second-;. 'This pallet 



with the releasing horn and its gold spring arc 
attached to a “ skate ” carried at the end of 
the pendulum rod, and adjustable laterally to 
satisfy Airy’s condition. The impulse wheel 
has 5 teeth ; its force is conveyed to it not 
directly by the train, but by a hair-sfprmg 
which connects it with the scape wheel— 
much on the principle of Harrison’s main¬ 
tenance for ordinary clocks, '^he scape wheel, 
also of 5 teeth, is driven by the train. Both 
impulse wheel and scape wheel arc on the 
some vortical axis, the arbor of the impulse 
wheel being pivoted in a recess at the top of 
that of the scape wheel. The escapement, 
operates as follows. The pendulum releases 
the detent of the impulse wheel; the latter 
strikes the pallet and proceeds to release the 
detent of the scape wheel, and then locks 
itself upon its own detent. The scape wheel 
moves forward one step and also locks itself. 
It can, if required, he made to operate an 
electric signal in doing so. The impulse wheel 
is set, say, one complete turn in advance of 
the 8caj>e wheel ; when the pendulum releases 
it, it degrades i turn, but the movement of 
the. scafK* wheel that follows sets it up again. 
An impulse wheel as light almost as watch- 
work easily keeps a pendulum of about 14 kg. 
up to any ordinary arc; of, say, 2° or 3°. The 
pendulum is absolutely free except for the 
brief period of passing, release, and impulse. 
In this form the construction seems very near 
theoretical perfection. 

§ (11) ClTJKNYXflHAME*8 EhCAI'EMENT. —The 
escapement ( Fig. 11) demised and made by Sir 
Henry Cunnynghamc represents the weight- 


driven dock reduced to its limiting simplicity. 
The impulse is given once in 2 see., a passing 
spring, as in the chronometer escapement, 
opening a small click which then lets fall a 
pivoted impulse arm which gives an impulse to 
a roller attached either to a crutch or directly 
to the pendulum. When the impulse* is over 



the arm falls further and closes the circuit 
of an electromagnet which resets it- upon its 
click in readiness for the next release. The 
set of the escapement, laterally with regard 
to the vertical position of the pendulum 
'allows of satisfying Airy’s condition. 

§ (12) The Synchkonome Escapement.—• 
This escapement {Fig. 12) described by Mr. 



W. H. Shortt (Patent 9527, 1915) carries out a 
variation of the intention of t-unriynghamo’s 
construction, with so many individual features 
as to constitute a different type. The pendulum 
is connected by a link with the. crutch, which 
carries, first, a jewel which effects the release, 
and Im>1ow it a small roller upon which the 
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impulse is given. Tlio stone strikes to one 
side or the other an X-shaped piece, releasing 
from its lower extremity the impulse arm 
which rested upon it. V\ hen released, this 
arm descends upon the roller and conveys the 
impulse as the roller is carried away by the 
pendulum. The impulse arm then moves on 
and releases from its click a second heavy arm, 
which falls and, in doing so, resets the impulse 
arm on the X in readiness for the next release. 
The heavy arm now moves on ae^i makes an 
electric contact, which in turn sets it hack 
upon its click and also serves as means for 
actuating a counting dial or slave cluck, or 
working a relay for operating a chronograph. 
The impulse is conveyed to the pendulum 


pendulum is hung hy a spring to a cross head A 
as usual ; the cross head rests upon a cock 
which is itself not fixed hut is pivoted upon 
knife edges, the line of which is supposed to 
follow closely the axis in the spring, about 
which the pendulum would turn. The same 
cm., carries the anchor. The train locks the 
anchor in its vertical position, and when (his 
is the ease the pendulum turns upon its 
spring, suspension being entirely free at the 
ends of its swing; as it returns from its com¬ 
pleted excursion to the vertical position, the 
spring becomes straight and ceases to hold 
(ho pallet of the anchor up against, the scape- 
wheel tooth which was locked upon it; the 
escape takes place, the pendulum and anchor 



without any vibration, and variations of are 
are in some degree self-compensating since a 
lower are and slower movement of toe pen¬ 
dulum keeps the roller under the impulse 
piece for a larger part of its fall. Airy’s con¬ 
dition is, however, not satisfied. The use of 
the link and crutch are open to the same 
objection as elsewhere, and an improvement 
can lie made by adopting *he connection hy 
means of a double-ended needle refemal to 
above (under Graham’s escapement), or even 
by abolishing the crutch altogether and giving 
the impulses a little off the axis of the 
pendulum. 

§ (13) Rihfler’s Escapement. —This is the 
boldest and most original of all the devices, as 
it is bo far the one from which the best results 
have been obtained; but it is so peculiar 
that one cannot but feel it will ultimately 
be superseded hy something simpler. The 


with the cock forking upon the knife edges 
with the spring straight until the pallet on 
the opposite side is brought, against the 
impulse slope of the scape wheel. 3 he latter 
has also started to move forward under the 
weight on the train ; it engages the pallet 
and forces the anchor hack to the vertical 
position and locks upon it. In doing so it 
bends the spring, and this supplies the energy 
required for maintenance. The cycle then 
repeats it. elf. The weight is a small mass 
pivoted on the axis of tiic Third Wheel (next 
the scape wheel) and engaging a ratchet wheel 
parallel to this wheel. Every thirty-eight or 
forty seconds it is thrown upwards to a fresh 
position on this ratchet hy the operation of 
an electromagnet. 

The use of knife edges, generally discarded 
hy other experience, is a surprising feature of 
this construction, as are also the movement 
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of the actual cock on which the pendulum 
rests and the* change over in the course of 
the swing from pivoting upon knife edges to 
turning by bending the suspension spring. 
Their success in use would seem to say that 
much the most important condition for good 
time-keeping is the complete freedom of the 
pendulum at the ends of its excursion. But 
it should be noted too that the energy is 
conveyed without any shock or vibration to 
the pendulum. Rieller retains train and dial, 
but their work is almost completely detached 
from the action on the pendulum. 

§ (14) Recording Time.- The pendulum, 
maintained in motion, divides the day into 
8(5,400 parts. These parts require, on the 
one side, to be counted off as whole seconds, 
minutes, and hours, and, on the other side, 
the second requires to be subdivided to any 
desired degree. The series of toothed wheels 
which effect the counting is known as the 
train ; it is customarily used at the same time 
for conveying the impulse to the pendulum 
through the scape wheel, and the locking of ; 
the latter after each escape guarantees that j 
the train advances only one step for each 
swing of the pendulum. Or, again, if the 
clock is arranged so that an electric current is 
sent at each beat of the pendulum, the counting 
may be effect cm 1 apart from the maintenance 
by making these currents actuate the escape of 
a sub-train or dial ; or, again, they may control 
the escapes of a slave clock otherwise driven* 
Consider first the simple train. The tradi¬ 
tional construction (for a weight - driven 
clock) consists of four wheels, besides a sub¬ 
sidiary attachment for counting the hours. 
The. magnification of motion which can be 
conveniently at¬ 
tained with wheel- 
Work is, say, about 
8 times. Thus if 
the scape wheel 
turns in 1 minute, 
the Third Wheel 
next to it turns in 
7| minutes, the 
Centre Wheel in 
<50 minutes, while 
the Great Wheel, 
upon which the 
weight acts, may 
turn in, say, 12 
hours, but its 
period is immaterial. Then in front of 
the plate and behind the dial two more 
pairs are wanted to count the 24 (or 12) 
hours. The first may reduce the motion (5 
(or 3) times and the second 4 times more ; 
all this part is friction-tight upon the clock 
movement only, to allow of setting without 
disturbing the movement. Or the gear may 
be dispensed with for a 12-hour clock and 


the hour hand driven directly off the Gieat 
Wheel, recalling that in standard clocks it is 
usual to have the hour hand and minute hand 
upon separate axes. 

The weight is supported by a silk cord or 
gut, which is hung from a fixed point and 
doubled through a pulley, then passed directly, 
or* over an idle drum, to the drum of the 
Great Wheel. The latter does not connect 
with the train directly but through a spring, 
which it kcqps in a state of compression. This 
spring bears, upon the spokes of the toothed 
wheel which is on the same arbor as the drum. 
The toothed wheel is united with a ratchet 
wheel, which takes off from a click mounted 
oil the clock - plate. When the weight is 
removed from action during the process of 
winding, the ratchet wheel prevents the spring 
from becoming relaxed, and the movement is 
kept going. This is Harrison’s maintenance. 

The number of teeth in the train depends 
upon the number selected for the pinions. Jf 
these arc, say, 12, the numbers would run as 
in the figure. If the leaves of the pinions 
arc 8 or 1(5, proportionate changes in the 
number of teeth of the wheels must he made. 
As a rule the finest work would have pinions 
of Hi, though not invariably, Ridler em¬ 
ploying 12. 

Consider the above construct ion from the 
point of view of time-keeping. Apart from 
the escapement, the errors of which have been 
considered above, the demand on the train is 
that the force in the maintenance should bo 
constant. The construction shows the force 
on the teeth of the scape wheel about one 
thousand times reduced from the acting weight, 
putting friction aside and supposing the scape 
wheel about the same diameter as the drum. 
But in 4 fact the friction of the gear, and that 
of starting the whole train from rest each 
second, consume neatly the whole of tin* energy 
derived from the weight, as will lie seen l>v a 
•short calculation. The energy of the pendulum 
being Mj//(1 -■ cos a), this gives for a pendulum 
of 7 kg. 2-3 x 10* ergs H7 .-10 -2 ft.-pds.. 
for an arc 2a = ,* 1°. When the pendulum swings 
freely unmaintained the arc would fall <to 
about 2 of its original value in an hour, or 
about one-half the energy would l>e lost, so 
that the maintenance must supply about 
10 5 ergs, or 0-8 * 10" 2 ft.-pds. per hour. A 
line clock might be driven by a weight of, say, 

1 kg. falling through a metre in the course 
of a week, or fix 10* ergs 4 x 10- 2 ft.-pds. 
per hour. Rut as a rule the weight is made 
considerably greater than this. So that stiff¬ 
ness in the cord, the pulley work, irregularities 
in the wheel cutting, stickiness in the oil, and 
dead friction in starting the train from rest 
at each escape consume at least nine-tenths 
of the force. Any irregularity in these factors 
will find its way to the scape wheel and main- 
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tenancy, and will show itself either by in¬ 
creasing the arc, or in dead friction during 
locking. It is evident, therefore, that a train 
of wheels, driven from the slow-moving end, 
is a most undesirable feature in precision 
clocks. The counting train must be preserved 
in some form, but it may be. entirely separated 
from the maintenance of the master pendulum. 
It should, however, be remarked that in the 
form in which llietler’s clocks preserve the 
counting train, it is open to no st»ious ob¬ 
jection. The driving is off the Third Wheel, 
by a small weight which is made to spring up a 
ratchet, every 38 or 40 seconds, and the force 
conveyed to the pendulum is a geometrically 
measured bending of the suspension spring. 

As remarked already, the large reserve of 
force which is necessary for turret clocks 
makes ail essential for good going the use 
t>f an escapement, such as the gravity escajje- 
ment, in which variations of force on the 
icapc wheel cannot produce a change in the 
ire of the pendulum. 

Another serious objection is the weight. As 
sometimes constructed it might be regarded 
is a second pendulum hanging from the same 
3oek. When it reaches the level of the true 
pendulum, the period becomes the same, and 
win pathetic oscillations are sometimes excited 
which will modify the true period as indicated 
n the theory of the double pendulum. More¬ 
over, its presence in the neighbourhood is 
iablc to modify the air resistance. 

For any subdivision of the second the 
pendulum itself is inapplicable and the ear 
s of little service. In spacing the interval 
between the sounds of two heats, clock-makers 
wive the practice of counting, say, thirds of 
lecoiids, 123123 . . . nr fourths, or otherwise, 
inti I t hey are satisfied t hat- they are in agree¬ 
ment with the signals they are comparing, j 
But most clock sounds are blunt, or double, 
uid the highest practice will not reach what 
jail be easily secured with a chronograph, 
provided the clock makes automatically an 
‘lectric contact. When such a signal is sent 
>ut, as remarked above, the train and dial 
work may be dispensed with and the counting 
effected by cont rol of a slave clock or otherwise. 

With regard to such a contact several 
ireeautions require- to he observed. In the 
irst place, it must not foul if nm continuously 
svery second for several years, so that it may 
lot lie necessary to disturb or stop the clock 
prematurely in order to attend to it. This is 
effected, first, by keeping the current as small 
is possible, that is, enough only to work a 
relay or control. For such a purpose 15-20 
nilliamps. suffices and this should not lie 
jxceoded. In the second place, the current 
tensity should lie reduced by making the 
troas of true contact amply large. Where 
luitable two large faces of hard carbon 
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smoothed almost to a polish will he found to 
work well, but as a rule the best form is a 
platinum nose striking on a platinum face. 
It- will hammer itself a suitable bed. If the 
bed is not fixed but held to its place by a 
spring which yields a little under the blow, 
there is a slight rubbing of the surfaces in 
oontaet which is an advantage, lmt this is 
not essential. Further the usual devices for 
suppressing the spark that occurs on break 
should he applied, namely a condenser bridging 
the gap and a non-inductive shunt as a bye- 
pass, either connected in parallel with the 
electromagnet or bridging the gap. One or 
other may he found sufficient hut both aie 
preferable. The condensers sold for telephone 
work, if 1 or 2 mfd., are suitable for the purpose, 
and the resistance of the shunt may be found 
from trial, hut may generally he taken at, say, 
5 times the resistance of the inductance. 

When the contact is not required for con¬ 
tinual use, hut can be attended to oil each 
occasion, mercury may he list'd. A platinum 
point carried at the tip of the pendulum passes 
at each swing through a head of mercury. 
The difficulty of presenting a clean surface 
is met by the device shown. A little fresh 



mercury from the beaker is poured into the 
cup, the foul surface overflows and is replaced 
from below, arid the overflow is caught in the 
receptacle beneath. A contact of this sort 
may he used, for example, with a heavy 
pendulum and no maintenance, to send 1 see. 
signals, sensibly, for a couple of hours.. In 
all questions of fouling contacts it will he 
remembered that it is the positive pole of 
the contact that suffers, becoming burned 
and pitted by the negative ions. 

In actuating the contact from the movement 
the point requiring attention is to avoid 
prejudicing the time - keeping. This is 
attended to in various ways: (1) Contact 
directly from the pendulum has the, great 
advantage that the signals sent out are truly 
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spaced seconds, without any accidental and 
variable addition, such as the use of any 
secondary device will introduce. It entails, 
of course, an impulse on tfce pendulum, which 
must ho regarded as variable, but this will 
not affect the time-keeping, if occurring in 
the vertical position. Such a case is that of 
the bead of mercury contact just described. 
A fitting suitable for permanent work is a 
platinum contact, as described above, actuated 
by a small roller, e.g. a watch balanco, carried 



on the pendulum and striking each swing 
against a stone carried by the lower spring 
of the contact. The stroke throws this jiieeo 
up clear of the wheel, and into contact with 
its opposing spring. A pair of set screws 
regulates a suitable position. 

In Cottingham’s clock J.he current was 
carried through the pendulum and out through 
the gravity arm which it picked up. Some 
difficulty was found in keeping the contact 
faces in good order. Otherwise from the 
point of view of time-keeping the arrangement 
is not open to criticism. In these forms the 
zeroes of the minutes must be marked by a 
supplementary device in the counting dial, a 
suitable form for which is given in § (14). 

If the contact is not made directly through 
the pendulum the signals will differ from 
true seconds by accidental amounts repre¬ 
senting the inequalities of working of the 
secondary appliance which is used. . These 
amounts may run to about 1 -003 see., but 
generally not more. This is tho case with the 
Synchronous clock, where the pendulum 
releases the impulse arm, the latter releases 
the remontoire, and the remontoira finally 
makes the contact which resets it and also 
serves as signal. It is also the case with 
Riefler’s contact. Here a wheel of 30 
teeth or slopes on the scape-wheel arbor 
—one of which is filed away to mark the 
zero—alternately lifts out of contact an arm 
carrying a face which rests against a nose, 
and lets it fall back into contact with the 


f noso. The contact is on and off alternately 
for periods of about an entire second. In 
all the other forms the duration of the contact 
is brief, it may he about 1/20 second. A 
form of contact wlijph may bo fitted to a 
scapc-wheel arbor is a tilt hammer form 
similar in principle to that described above 
for direct pendulum work, except that it is 
actuated by a wheel of GO teeth (minus one) 

! fixed upon tho arbor. These teeth striking 
I the stomf make the contact in the same way 
as the roller already described. The set of 
their contact requires to ho carefully adjusted 
and should he provided with a double slido 
j for the purpose. The stroke should take place 
I between the impulse and the fall of the 
I scape-wheel tooth on the dead face of tho 
! pallet. During this interval (which is very 
I short) tho train and scape-wheel are com- 
| pletely detached from the pendulum, and the 
going could only be affected by the restraint 
the contact makes, in so far as it changes tho 
point at which the tooth encounters the dead 
face. 

In connection with contacts it may he 
remarked that a mercury and platinum 
contact which would spark actively and foul 
quickly if open will remain permanently 
clean if covered with paraffin, but this is 
usually not practicable for clock work. 

When it is desired to mark the zeroes of 
the minutes by omitting one second-signal 
in sixty, a device that may usually be applied 
is the following. A light wheel of brass with 



flat rim is fixed on the scape-wheel wrbor; 
one-sixtieth of the circumference is cut out 
and replaced by ivory or a:*y non-conductor. 
The current is led through this wheel by a light 
trailer, and out again by a second trailer on 
the arbor. The advantage of this construction 
is that the friction required for its operation 
is uniform. 

The next section deals with the chrono- 
graphic systems of recording the signals 
provided upon a tajie or otherwise, and a 
later one upon the use of the signals for 
actuating controlled clocks, whether mere 
dials or slave clocks. 

§ (15) Chronographs. —Just as we introduce 
the pendulum in order to subdivide the day, 
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so we must introduce another subsidiary 
mechanism in order to subdivide the second, 
and parallel questions will arise as to its 
reliability, though not so far to the same 
degree. Attempts to subdivide the second 
by the senses, without the use of a mechanism, 
are very unreliable, ft is not clear what they 
depend upon. Certainly the car is very easily 
misled by interfering sounds. (Jo-operation 
of two senses, as tapping seconds with the 
hand while following the beat of flic clock 
either by eye or ear, arc still less to be trusted, 
or, again, timing by a stop watch. Apart 
from the fact that the signal taken cannot be 
very brief or it will not be perceived at all, 
the senses are not co-ordinated strictly, nor 
is the lag between their operation constant, 
oven in the same individual. Such methods 
should never be trusted to an accuracy 
beyond 01 sec., and they will show large 
occasional variations in excess of this. 

To get the best results from sense percep¬ 
tion, we note coincidences of two beats 
which overtake one another. When two 
sounds are sharp, single, and exactly like 
one another, a separation between them of as 
small a matter as 0-01 see. can be perceived 
by car. A slight thickening of the sound 
as they fall out of agreement is immediately 
sensible. This is the standard method of 
taking mean time. The error of the sidereal 
clock being taken from the stars, a coincidence 
of the beat of the sidereal clock and mean time 
clock is observed. When both clocks arc 
going correctly this recurs every Mi 5 (or 306) 
seconds. Both times must be noted, but this 
is easily done by noting how many seconds' 
the sidereal dial is going to be behind the 
mean time dial at its next coincidence, find 
then attending merely to the sounds. When 
the coincidence is judged to occur, a glance 
at the one dial will then suffice to tell the 
coincident seconds on both. But ditlici^ty 
arises from the beats being seldom identical 
and never single. If listened to closely, the 
three necessary elements of escape, impulse, 
and locking may usually be heard distinct 
from one another, or blurred together, and 
this confuses the perception. It will be 
found particularly difficult to compare one 
tick in a telephone receiver with another 
outside it, as is necessary if the clocks are 
not side by side. In all cases where it i^ 
possible to do so, reliance should bo reserved 
for some self-recording mechanism. 

Thoro are numerous devices for giving very 
short intervals of time, familiar in photo¬ 
graphic work, like the focal-plane shutter, in 
which no co-ordination with the clock and 
time-keepers is wanted. Those are not 
considered here. What wo arc engaged upon 
is marking specific fractions of specific seconds, 
taken from the clock. For this purpose they 


fall under two heads: (1) Chronographs 1 giving 
records that may he read to 0 01 sec., but not 
beyond ; (If) Mil,^chronographs, for smaller 
intervals. 

The former class works mechanically and 
requ res to be robust, the moving parts 
possessing substantial inertia. Hence it 
<?annot be operated directly by the small 
clock current (15 milliamps.) but requires the 
introduction of a relay. The best form for 
such a relay is a slave clock controlled by the 
primary clock, and carrying a contact maker 
on its pendulum, such as lias been described 
abdve. When this is not available, the 
ordinary polarised relay of the Post Office 
type will be found to work steadily with less 
than this current and to give good results. The 
current required on the secondary circuit may 
be about 0*3 amp. The contacts will require 
occasional cleaning and should not be difficult 
to get at. It must be remembered that any 
type of relay introduces a possibly variable lag; 
the determination of lag will be considered later. 

The principle of the chronograph is to 
measure time by the help of uniform motion, 
as in rotating a drum, or feeding out a fillet 
of paper. Every second the clock marks the 
paper, and therefore to read correctly the 
time of an intermediate mark, the going need 
only be smooth over that second ; as a matter 
of experience, even when the driving is below 
its best, this standard is very easily attained 
to 0 01 sec. It is, moreover, easily verified. 

in the drum chronograph the drum revolves 
once a minute, and concurrently the marking 
pens progress alongside it, by means of a 
screw, marking spirals of fixed pitch upon it. 
One of these pens marks the seconds, the end 
of the minute being shown by omission of a 
mark, and another records the signal which 
it if* required to time. When the motion is 
regular the marks for given seconds in different, 
minutes will lie along straight lines, and the 
counting of minutes is easily performed; 
moreover, the original sheets are convenient 
to preserve. More compact in construction 
is uie fillet chronograph in which the marks 
are received upon a paper tape, which is fed 
out uniformly. It is also more convenient 
for occasional use, whereas a whole hour’s 
record sheet must be detached at once from the 
drum ; the run is verified and the seconds 
counted by passing tho tape across a board 
marked by a taper scale of 60 lines, which 
slopo towards one another to allow for fitting 
to the momentary rate of driving. The fillet 
is less suitable to preserve and consult than 
is a sheet from a drum. On either of these 
systems the actual marking of the seconds 
and signals may be done either by pens or 
by prickers. The actuating piece is an 
electromagnet, made live by the current 
1 Sec “ Watches and Chronometers, Rating of.” 
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from the relay or otherwise. When a pen is 
used, it may either trail eontinuously, being 
drawn aside sharply at the signal, or it may 
strike the paper and mark a dot. The dot is 
preferable for aecuraey. A much sharper 
dot is made by employing a pricker in place 
of a pen, lmt the construction of the arm 
and head requires alteration, otherwise thfc 
pricker will hold up the run of the^ paper. A 
correct construction is shown 
in the figure: a is the arm 
moved by t lie signal; the 
needle b is carried by a piece c t 
pivoted at d in a way that 
allows no lat- 
~X. eral motion, 
and provided 
with a tail or 
counterpoise e 
which nor¬ 
mally holds 
the piece against a stop /; <j is the drum 
which carries the paper fillet. With a pricking 
chronograph well constructed, coincidences of 
mean time and sidereal clock can be read j 
usually with no uncertainty to 2 sees., that I 
is, the time may be compared to 0-005 sec 
The following represent an ordinary test of j 
such a chronograph, to verify that it is in j 
good order, by taking successive hourly j 
coincidences of a solar clock (R) with two 
sidereal clocks (ZS t , - 2 ). It will be remembered j 
that the comparison requires a calculated j 
conversion, the figures for which in the ' 
Xautiad Almanac only run to 0-01 sec. I 
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The column “calculated ” represents a smoot h 
run. Comparison of observed and calculated 
for -j - R indicates no fault; that for 2^ - Lt 
is loss satisfactory, but points to irregularity 


in the clocks as much as in tho chronograph, 
within the period of comparison. Chrono¬ 
graphs have l>een constructed which print 
to 001 see. the time of a signal". One of 
these, at Paris Observatory, is described in 
Bulletin Astro no mique, xxii. 270. Another 
was designed by Professor G. W. Hough, of 
Dearborn Observatory. It contained two 
driving clocks, one marking minutes and 
seconds and moving forward step by step 
and as till clock signal was sent; the marking 
was mado*by figures engraved in relief upon 
two wheels over which a paper fillet and inking 
ribbon were passed. The third wheel, marked 
with the figures 00, 02, ... 08 for tho 
hundredths of seconds, alongside the two 
former, was driven independently and ran 
continuously, controlled first by a centrifugal 
governor set so as to always run a shade 
fast, and finally by a brake or check, opened 
each second by the clock signal and connected 
through a spring with the arbor of the going 
wheel. The signal to bo recorded actuated a 
large electromagnet, which threw down three 
hammers that impressed the paper on tho 
type wheels. The stroke was very rapid so 
as not to hold up the wheels. The* instrument 
could ho verified by making the clock print 
its own signal ; the outcome being a small 
correction due to Ik* applied to the readings 
of any other signal. In the ease of a duplicate 
instrument used at Durham Observatory, 
these verifications showed completely satis¬ 
factory performance. 

All methods with mechanical chronographs 
introduce lag, owing to 
their inertia, and arc, 
moreover, limited in 
accuracy to about 0-01 
see. For finer work, 
and for the important 
necessity of measuring 
lag with precision, 
other devices must be 
employed. 

One of these is the 
method of the time 
vernier, by which a free 
pendulum is loaded so 
as to gain, say, 1 beat 
in 50 upon each of two 
se | >arate pen dulwms, 

the lag of whose# beats 
upon one another it is 
desired to find. By 
taking repeated deter¬ 
minations of the co¬ 
incidence of the vernier 
beats with each of tho 
other two in succession, their separation can 
be found. Hut often there may be a great 
difference between the sounds, that will make 
any determination by ear to 0 01 see. uncertain. 
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This method is employed very successfully 
iu the W.T. “ scientific ” time signals sent 
out from the Eiffel Tower. The two beats to 
be com parted are thoso of one’s own clock with 
that of the Observatory of Paris, the correction 
of the latter being given. The wireless signals 
arc t he vernier gain about 1 in 50; thfe 
coincidences arc taken by the observer for 
his own clock, and at Paris for the Paris 
clock; each coincidence alone allows only 
the- determination of the respective clock 
time of (say) the beginning of the vernier 
signal; but as Paris immediately makes this 
calculation and issues the result by W.T., 
the observer’s calculation by comparison will 
give his lag upon the Paris clock, as corrected 
for its adopted error and rate. 

'Two other devices for measuring the lag of i 
two clock heats are described in a paper by 
Gen. Kerri*', M.N., May 11)20. 

Unquestionably the best method for line 
works, allowing also comparisons with a clock, 
which arc free from uncertainty to 0 001 sec., 
is an adaptation of the Einthoven galvano¬ 
meter, or oscillograph, to continuous time 
work. 1 The virtue of this instrument is that j 
the faintest currents can he made to yield 
mechanical effects such as the rotation of a 
mirror, because, the work called for is drawn 
from the strong superposed magnetic field. 
Moreover, the instrument, properly con¬ 
structed, is absolutely dead heat and free 
from lag as between one signal and another. 
The original signals of the clocks may therefore 
he used ; indeed it is possible to measure J 
the in. qualities of the signal seconds cere- | 
spomling, say, in E idler's clock, to in- i 
equalities in the teeth of the scape wheel, and 
to recognise the accidental uncertainties? of 
signals not taken directly otT the pendulum. 
Moreover, all lags may he measured without 
personality or other uncertainty by arranging I 
a contact to he made just at this point wly* h 
it is desired to record. For this class of work 
an absolutely reliable sub-process converting 
time into recorded movement is essential. 
Any mechanical drive, sueh as a motor with 
llelmtioltz governor, cannot he trusted without 
verification. Such a motor is used for moving 
the photographic film or paper past the 
recording spot of light, but the sub-standard 
actually relied upon is a vibrating tongue j 
or a tuning-fork. A tongue, beating 01 sec.,* 
may be run unmaintaiiied and will continue 
to make good occupations of a slit for, say, 
two minutes with complete uniformity. 

As a specimen of results obtained from the 
niieroehronograph the following may be quoted, 
relative to the lag of the tick produced hy 
the pendulum of a controlled clock, upon the 
signals sent out by the master clock Richer 
(lx. p. (>09). The signals from Richer for 
1 (Jf. Sampson, Monthly Notices It.A.8 ., June 1918. 


individual seconds are unequally spaced and 
require an allowance which was separately 
determined: 



The lag determined in this way on different 
(lays shows variations, some of which were 
deliberately produced by reducing the control¬ 
ling current from 10 to (> milliamps. 
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Ifc cannot be doubted that tin* audion valve 
lias an important future in timing work and 
in maintenance, as in so many other regions. 
Its perfect response to stimulus, freedom from 
lag and power of amplification point to it as 
ail ideal relay when certain difficulties are 
overcome. The chief of these is the reduction 
of the natural high period by introducing 
sufficient inductance and capacity into the 
circhit so as to make it synchronous, or nearly, 
with the slow movements it is convenient to 
employ for time measurement. M. II. 
Abraham has, however, illustrated it by an 
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experiment so simple that he employed it 
in his lectures at the Sorbonne. 

The pendulum, about 50 cm., carries a bob 







m 


CLOCKS AND LIME-KEEPING 


in the form of a horseshoe magnet, of about 
300 gr. 

The poles swing into the cores to two sole¬ 
noids, wound to as high a resistance and as 
many turns as practicable, say several thousand 
ohms. One of those solenoids is in the grid 
circuit, and the other in the plate circuit. 
The former is excited by N pole of the magnet, 
and responds by exciting the circuit which 
comprises the other, which in turn acts upon 
the S pole, the whole constituting a negatin' 
resistance ; the pendulum will gradually set 
itself in motion, and maintain itself energetic¬ 
ally. 

A very similar arrangement has been used 
by Mr. F. R. Smith for maintaining the vibra¬ 
tions of a tuning-fork. Ordinary methods of 



maintenance, as by the make and break 
employed, c.g. for electric bells, spoil the fork 
as an absolute time register, because the 
impulse acts towards the end of the excursions. 
If the poles of a large permanent magpet are 
shod with soft iron projections, directed to¬ 
wards one another and these wound as cores 
to solenoids, which are connected to the lamp 
circuit as indicated, a tuning-fork set vibrating 
between them can be maintained in motion 
which stands the most searching examination 
for regularity. With suitable inductances and 
capacities, frequencies as low as 30 per second 
are manageable. ' 

§ (10) The Arc of Oscillation.—T he arc of 
oscillation plays a secondary part only in the 
time-keeping, but it is important enough to 
require express treatment, in addition to the 
numerous remarks already made regarding it. 

Following the theorem of § (2) on the effect 
of an irregularity in the impulse upon semi-arc 
and epoch of oscillation : 

Aa = \ I AR cos T(lt, 
n J 

A«= - -i / a -1 All sin rdt* [r-n't + f . 0 ]» 
n J 

we see that the conditions for constant are and 
for fixity of epoch are independent and to 
some degree complementary, the latter re¬ 
quiring in AR symmetry about r— 0, and the 
former symmetry about t — tt/ 2. It is there¬ 
fore not possible to assign the going of the 
clock by examining the arc alone, since this 
could not reveal any change of epoch, but it 


requires to be studied because a change in arc 
will produce a change in rate owing to lack of 
perfect isochronism in the pendulum, ft is, 
moreover, the only external feature of the 
going that is open to measurement. 

The direct effect of variation of arc upon the 
time-keeping may be written 

AT-- CaAa, 

where 0 is a constant ; if AT stands for 
seconds per day, and a, Aa are measured in 
! minutes of arc, tli.n as given in p. 208 above, 
for pure circular error, (J - ]()- 3 x 0-1)14 sec. 
But this cannot be counted upon, and for 
each particular clock the coefficient 0 would 
require to be determined by experiment. 

We notice that for a given change of arc, 
Aa. the variation of rate increases in pro por¬ 
tion to a ; but aAu varies as the increment of 
energy. Hence for a given increment of 
energy, the variation of rate is the same 
whether a is large or small. It is therefore 
j not clear whether the time-keeping would be 
I better for a small arc or a larger one. 
i Referring to the equation shown on p. 211, 

I x — A/aV sin [n't +■ f 0 ), we see that a- A/a a', 
and the arc can vary either in proportion to 
variation of the impulse, or inversely as the 
frictional coefficient k. The commonest eauso 
for producing the latter is change of barometric 
pressure. When the barometer rises the semi- 
arc diminishes. For an arc of about 100', 
experiments have shown, for Riefler's clock, 
Aa - -31" per mm. ( - 77" per 1 inch), and 
I for the Synchronome clock, Aa -1-2" per 
! mm. ( -31" per 1 inch). The difference is due 
I* to the escapement of the latter clock, which 
automatically compensates in part for a falling 
are? These changes produce a change of rate 
through the circular error, or its representative 
AT -CaAa, and thus, pro tunto, compensate the 
barometric equation ; the observed change of 
raty; for change of barometer is the residual 
when they are deducted. The observed values 
for the two clocks are H- 41 sec. per 1 inch, and 
+ •37 sec. per 1 inch. If we calculate from the 
theoretical circular error, the numbers above 
would give respectively 12 see. and Of see., 
which would require to he added to what was 
observed, in order to get the pure effect of the 
barometer. It has been suggested that an #rc 
could be chosen, so that the observed baro- 
*mctric effect was completely annulled by 
associated change in circular error; but the 
proposal is evidently illusory, since the required 
arc is too large. 

Variation of are may also affect the rate in 
another way. Jf the coefficient B of p. 211, 
which measures the phase by which Airy’s 
condition fails to be fulfilled, is dependent 
upon the are. as it may be, any variation in 
the latte** will produce a change in B, and 
therefore in 2 vjn' t the period. But there are 
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no observational data at present available on 
this point. 

The traditional method of reading the art; 
by means of a fixed scale, with a pointer 
carried by the pendulum, is rough, though by 
using an eye glass and taking precautions 
against parallax it can be made good to aboui 
0*3'. A reading microscope can be made to 
reach about ten times this precision, giving 
consistent readings to 2". A suitable arrange¬ 
ment is shown in the sketch. Tht scale is 
carried on the pendulum, and its excursions 
are noted on the focal scale carried in the 
microscope. This microscope is placed by 
liiefler inside the case, but it is better outside 
it. No difficulty will be found in obtaining a 
sufficiently good image of the vertical linos of 
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the pendulum scale given through the unpre-* 
pared glass cylinders in which some clocks are 
encased, but of course a good plane window 
is better. 

When read in this manner, the variation of 
semi-arc in the best clocks, kl'pt under circum¬ 
stances of constant pressure and temperature, 
will he found to reach a range of about 
within a week, and exceptionally twice as 
much, the full semi-arc being taken at about 
100 '. 

A Gmvenic'nt position for the scale may be 
80 cm. from the point of suspension of the 
pendulum ; a pendulum scale then divided at 
sj^ces of 2-5 mm. shows 10' intervals. Taking 
unit magnification at the object-glass of the 
microscope, the eyepiece scale would show T* 
divisions when ruled to 0*25 mm., and, in 
proportion, less for closer ruling. Only the 
variations of are are read in the microscope; 
coarse readings to 10' or so are made by eye 
directly. 

§ (17) Tub Double Pendulum. —The mutual 
influence of two pendulums upon one another 
was first observed by John Ellicott. 1 Two 
clocks, identical in pattern, with 23-lb. pon- 

1 Phil. Trans., 1739, xll. 120-135. 


dulums, and capable of moving with arc of 3° 
under a weight of 3 Jb., were made lo exhibit 
the now familiar phenomena of beats by setting 
the cases near one another upon a floor, with 
a light post just tight enough to support its 
own weight between them. When set going 
with normal arcs, the one are would increase 
ft) as much as 5° and the other diminish until 
the movement ceased to escape, but would 
afterwards increase again at. the expense of 
the firat, and the going of the train would he 
resumed, By starting the two clocks with 
large arcs, both were kept going continuously 
for*several days. Disconnected, No. 2 gained 
on No. 1, 1 min. 30 sees, per day. Connected, 
they moved together, No. 1 gaining 1 min. 
17 secs, per day on its original rate, and No. 2 
losing 19 secs. 

It is evident that corresponding effects must 
show themselves, in proper degree, wherever 
two vibrating systems have an elastic con¬ 
nection. In particular, the rate of a pendulum 
will he dependent upon the stiffness and the 
mode of fixture of the, cock that carries it. 
The effect of suspension, deliberately varied, 
upon the going of a chronometer, has been 
given with admirable clear¬ 
ness by Lord Kelvin (Popvlar 
Lectures, ii. p. 3(10). The 
discussion below follows 
nearly upon his lines. 

as model of the 
system a particle M sus¬ 
pended by a thread of length 
b from a particle >n, which 
is suspended from a fixed 
point by a thread of length a. 

Let 0, (f> he the inclinations 
of the threads a, b to the 
vertical ; then for the execu¬ 
tion of small vibrations the 
kinetic and potential energies, T, V, are given, 
say, by 

2T — \l) 2 + 2 fxO<j> 4 . 

2 V — 7 TO* + (T0 2 , 

whgrc 

\ + M)a*, p = Mat), v --- M6 a , 

* t — (m + M )ag, <r — Mbg. 

Here the special character of the model con¬ 
sidered is expressed by the relation \/p wja, 
and if this relation is not used the conclusions 
will be quit^ general. The coefficient of 
0<f> is absent from the expression for V owing 
to the choice of datum from which </> is 
measured. 

Let 0 — A sin pi, <f> — B sin pt he a principal 
mode of vibration ; the characteristic of a 
principal mode is that the magnitudes of 0, <p 
bear a fixed ratio to one another throughout 
the motion. If A: B is positive, their co¬ 
ordinates 6, tp move in the same direction; if 
it is negative, their directions are opposite. 
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Then wo have the equations 

A[ -- \p a I irj- B(U/> a =0, 

i 

-A pp 1 t B[-.q> a + eJ^O, 


The ease discussed by Lord Kelvin, of a 
chronometer suspended with dial horizontal 
by a pair of threads of length l is given by 

X - JIK* + ink 2 , n ■= mk'\ v = ink 2 , 


giving the two principal modes corresponding 
to the roots of 

t 

( \p 2 - ir){vp % -- <r) - P 2 p l -■ 

the associated ratio A : B for each mode follow¬ 
ing by substituting the value of p~ in either 
of the equations above. Let 


Vo 2 


y 


Pi 9 


so that y> 0 , ;>i are the frequencies of the separate 
systems in which (M, b) or (>n, a) are respec¬ 
tively suppressed. 

Then the equation for the frequencies p is 

(P i -Po 2 )(i> 2 -rs)- , Z 2 = {) - 


This shows that the two roots p 2 are outside 
the values yq- ; the greater value of //- 
exceeding the greater of them, and the smaller 
value falling below the less. 

For the greater value of />-, corresponding 
to the more rapid mode of vibration, the ratio 
A : B is negative, and the two co-ordinates 
move in opposite senses ; for the less value 
of p 2 they move in the same sense. , 

The quantity p*j\v in the concrete example 
■ >r model from which we 
started depends only on 
the masses and is equal 
to M/(M +■/«). It may be 
taken as ranging from 
zero up to unity according 
as we approach the limits 
when tu and M resjpco- 
tively dominate the con¬ 
struction. The ordinary 
ease of a pendulum sus¬ 
pended from stiff, massive 
cook would be parallel 
to M /m small, and* y> 0 2 
large. 

The case of a massive 
pendulum, whose rota¬ 
tional inertia must be 
considered, suspended by 
a thread or weak spring (a) 
attached at a distance h 
above its centroid, gives 
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X M a\ ^ - M ah, v M(A* + fc a ), 
7 r - M rja, a - M gh. 


so that 


p 2 h 2 

\v h 2 l k 2 ' 


(M + m)<jr 2 
Z l 


a =S, 




in which MK 2 , mb 1 represent respectively 
the moments of inertia of the chronometer 
and of its balance 
wheel, 2f is the 
distance between 
the points of sus¬ 
pension (the threads 
being vertical), and 
S depends upon 
the balance spring; 
the two co-ordinates 
are the anglo of 
rotation of the 
chronometer, and 
of its balance 
relative to the 
chronometer, re¬ 
spectively. 

Here. 


p 2 l^ v 

— tn/c 2 /{ MIC- + m k 2 ), 

and is a small 
quantity. Consider 
first the second 
ease, with rotational 
inertia and a weak 
suspension. Here 

AryXr~\l, 

ami the two roots are 



Fig. 21. 


aiql 


where 


P -I -ff*/X» 

p-' ''f' 1 '".., 

■ Po* I Pi 

. a , 7 i 2 +/. 2 


h 


which will approach the value 1. 


The lirst of those will represent a* very 
rapid oscillation of rod and thread suspen¬ 
sion in opposite senses ; the second, giving 
p-\gl(a+ h+ k 2 lh) will be recognised as the 
characteristic frequency of the pendulum. * 

, Now take the case p 2 f\v small. The two 
roots are 

ami rA':,>r[l 

provided p„ 2 ~Pi 2 i» not The two 

independent, natural periods are approached, 
blit always from beyond, not from between 
them, it the cock from which the pendulum 
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ia himg is not perfectly stiff, that is, if is 
large but not infinite, the frequency that is 
recognised as that of the pendulum will lie 
given by p 2 ‘ p,“| 1 - g 2 /Ar Pi'lj’t, 1 i- and there¬ 
fore the clock will lose if the support becomes 
less rigid. There will also be a rapid vibra¬ 
tion approaching the frequency of the cock, 

If the suspension is made less still, as, for 
example, by hanging a chronometer by two 
cords, the iengths of which arc incyased (or 
their points of suspension brought nearer one 
another), then 'p» nmy be thereby diminished 
until it approaches p{ 2 and passes it. In the 
critical case p 2 - p, 2 , the two values arc 


and 


, )2 . p. 

i+(g 


-u (0‘} 


It will be recognised that the departure of 
p- from the natural period p t 2 is considerably 
greater than before, because the square root 
of the small quantity g 2 /Xi/ is greater than 
that quantity itself. Hence the balance of 
the suspended chronometer will lose more and 
more (hut always at a finite rate) as the length 
of suspension increases lip to the critical 
point of equality of periods. When this 
point is passed, the roles of p 2 , p, 2 are inter¬ 
changed. The. period proper to the balance 
changes discontinuously to /q 2 [ 1 4- (g^/A^H], 
representing a gain of rate equal to its 
former loss. Continuing the extension of the 
suspension, this gain becomes less and less, 
until /),“ being now separate from p 2 and 
much smaller than it, the frequency settles 
down to p 2 /> j 2 (l i g 2 /\i'). From the Tie- 
ginning up to just before the critical point of 
equality of periods, while p,, 2 —yq 2 , we have 
A : B positive, or the balance wheel and the 
whole chronometer are executing oscillate ms 
in the same sense ; just after this point and 
beyond it, their oscillations are executed in 
opposite senses. The greatest ratio of A : B 
is foiynl at the critical point and is equal to 
+ 2 (u/\)K 

The foregoing examples will serve as guides 
and parallels in a number of eases, though it 
rnflst. be noted that the ease observed by 
Ellieott does not fall exactly under them.. 
It is somewhat more complicated. It will 
be noted that the common rate taken up by 
his two clocks when going together was not 
outside their independent rates but between 
them. 

§ (18) CONTKOLLKD S\\STUMS OP (’LOCKS.—Til 
view of the unexplained and sudden changes 
of rate which clocks are liable to assume, a 
number of independent time-keepers of equal 
grade may be, at present, the best means of 


marking and eliminating irregularities. But 
for most purposes independence and diversity 
are a nuisance. Hence the effective control 
by a master penduhm of a system of “ slave ” 
clocks has a great and growing importance. 
The points of interest fall under separate 
hcao s according as we are dealing on the one 
hand with the highest class of time-keeping, 
and on the other with systems for ordinary 
use, where reliability within its prescribed 
scope and the minimum of attention are the 
desiderata. 

Considering first systems of high precision, 
the use of a slave clock to replace the counting 
train relieves the pendulum and maintenance 
of an unnecessary complication, besides per¬ 
mitting the master pendulum to be kept, as 
it should be, remote from trullio, while its 
indications are shown simultaneously in as 
many other positions as may be desired. The 
means by which this must he effected is the 
signal current of say 12-20 milliamps. sent 
out by the master pendulum. The points to 
attend to, after reliable working is secured, 
arc the amount, and the constancy, of the lag 
; between the signal current and the indications 
of the slave clock. 

j The very simple system of control used, c.f/., 
by Jlieller is quite satisfactory. The slave 
I clock is any weight-driven clock of good 
| character. To the bottom 
! of the pendulum an arm 
; is attached, carrying an 
I armature, which passes 
j at the end of the exeur- 
| sion near an electro- 
I magnet, set, in an adjust- 
I able position upon the 
i side of the ease and made 
live whenever the signal 
current passes. At the 
end of the excursion the 
| phase of the pendulum 
| is sensitive to disturb- 
| aneo. A suitable^ electro- 
| magnet would be wound, 
j say, 150 ohms with S.\V.(J. 

35 copper wire. The 
pendulum adjusts itself Pin. 2.5. 

I and never separates from 
j the signal. If the signal is on for one whole 
j second and off for the next the set taken 
I is approximately such that the end of the 
j excursion whi h carries the armature over 
the electromagnet agrees with the middle 
| of the second during which the signal is on. 
I Hence the vertical portion of the pendulum 
will agree with the moment of the signal 
j beginning. Some measured experiments made 
on this point and quoted above in relation 
to the mieroclironograph show further that 
variation in the current introduces a variation 
in the datum ; but not of a degree which will 
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generally disturb tho purpose to which a 
controlled clock may bo put—-of which the 
most exacting is making contacts fo»* a 
chronograph. It will k 3 soon that there 
should under careful circumstances be no 
variation reaching 0-01 sec. 

If the signal sent out by the master pen¬ 
dulum is of the type which lasts for, say, 
0 05 sec. and occurs every second, the simple 
system of a single electromagnet, may still 
be successfully applied, but it is necessary 
to tako more care to have a well-rated, well- 
made slave clock, because a small deviation 
from agreement will place the pendulum in a 
position where the current has no useful 
effect; it may then pass right through its 
proper position and come under tho influence 
of the signal on the alternate second, and this 
process may repeat itself, the clock keeping 
its own rate on the average subject to large 
periodic fluctuations representing the control. 
Further, tho sot taken by the jKmdulum when 
under circumstances that give control in 
agreement with the period of the signal, may 
show marked differences according as the 
slave clock has an independent rate which is 
gaining or losing on the signal rate. It 
should be noted that when the slave clock 
does not keep the signal rate, it will keep a 
different rate of its own according as the signal 
is passim; or not passing. The subject is not 
sufficiently explored, but it may Ikj taken as 
certain that wherever a controlled -.y&tem 
or relay is used for transmitting the signals 
of a standard clock, the regularity of its 
performance will require close supervision. 
A necessity for any control is a reliable signal 
current. If the current is interrupted for a 
period, the pendulum of the slave clock may 
fall out of phase, and when the current comes 
on again its effect may be such as to throw it 
further out in place of restoring it. The 
pendulum may stop altogether, and restart 
later on, working itself slowly up under the 
feeble impulses of the inductance. 

The signal current may also be used for 
actuating a mere dial, possessing no pendulum 
or weight of its own, and with the sole function 
of counting the seconds. An electromagnet 
moves an armature and so pushes the move¬ 
ment forward one step each second. As the 
current is small and comes on with a jerk, 
and there is nothing like a continuously moving 
pendulum to carry the movenn nt through a 
failure, while on the other hand the move¬ 
ment must be sufficiently locked to prevent 
an impulse shifting the finger two seconds in 
place of one, it is clear that the requirements 
are severe. Such dials should not. he used 
where a controlled clock with its own weight 
can be made available for the service. It 
may bo mentioned, however, that a construc¬ 
tion, fitted by tho Synchronomo Company, 


TIME-KEEPING 


I following closely the lines of their commercial- 
I dials described below, has been found to work ' 

| well and give on the whole very little trouble. 

In the controlled systems adopted for civil' 

I use, there is no interest at all attaching to 
intervals and lags of less amount- than one 
second ; indeed the most satisfactory systems, 
have settled down to the employment of 
I half-minute steps, the controlled clocks 
| standing still from one half-minute to the next. • 
The pioneers of electric control for civil 
! purposes were Wheatstone and Alexander 
| Rain. About 1840 each applied electro- 
S magnetic induction to drive a clock. Bain, 
j employing the feeble current derived from 
! two metallic plates buried in the earth, 

I suecoeded in maintaining his pendulum in 
| motion and using its energy to drive the 
! movement. Soon after R. L. Jones, station- 
I master at Chester, applied Bain’s system to 
| the control of one pendulum by another. 
Early in the ’seventies the system was revived 
and improved by James Ritchie & Son, of 
Edinburgh. It. is still working successfully, 
and is used, for example, to control the circuit. 



Edinburgh, and performing the public time 
service of the city. 

At each controlled clock the pendulum bob 
is a solenoid wound upon a brass frame 
pierced by a large central aporturo. The 
wires to and from the solenoid pass ulp tho 
pendulum rod, and out by the suspension 
springs, which are insulated from one another, 

’ the jambs that clip them being made .of 
ebonite. Through the aperture of the bob 
a rod passes covered with permanent bar 
magnets, the N-poles facing one another 
| and separated by an interval about equal to“ 
the length of the solenoid. Tho pendulum 
swings to and fro, enclosing this rod with its 
magnets. The master clock is arranged so as 
to reverse at each semi-swing of its pendulum 
the current which it sends through the line. 

] In consequence the pendulum of the slave 
1 chick is alternately attracted to one side and 
; the other. If sufficient energy is put into 
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a slave pendulum it may be made to actuate 
its dial step by step without the assistance of 
a weight. The change of polarity of the 
current was originally secured by providing 
the master clock with long weak contact 
springs with which the pendulum makes 
contact alternately as it swings to and fro; 
the poles of a battery, the middle of which is 
connected to earth, lead to these springs; 
the line leads away from the pendulum and is 
connected to earth after passing tJ*rough all 
the slave pendulums in scries. A., remarked 
above, when the circumstances are fairly 
uniform the system works without objection 
as a control. The current used is about 20 
millianips. But it is open to several criticisms. 
The contact springs rubbing the pendulum of 
the master clock at the end of its excursion 
are prejudicial to its time-keeping, and the 
current they supply is not steady. The same 
purposes may be served by using a Post Office 
polarised relay, joining the line to the tonguo 
and the 4 and - battery connections to the 
two contact faces. This relay is actuated by 
a signal from the master clock which is 
alternately on and off for a whole second. 
The construction of the slave pendulums and 
their permanent magnets is also open to 
objection. The position of the solenoid with 
respect to these magnets is unstable, and the 
pendulum is apt to screw or strike the bar 
until steady move¬ 
ment is established. 
Further, if the arc 
is prolonged, tho 
attraction by the 
N. pole is changed 
to repulsion by the 
S. pole, and <?ome 
confusion of the 
control may result. 

To the class of 
electric winding or 
electric mainte¬ 
nance rather than 
electric control be¬ 
longs the device of 
tho Foucault- Hipp 
buttordy. On the 
pendulum is carried 
by a pivot a small 
trailer; this is 
drawn to and fso 
Fio. 27. across the upper 

of two spring arms 
which close an electric circuit when pressed 
together. There is a projection or bank 
attached to this arm, and when the arc 
of tho pendulum is normal the trailer is 
drawn past this hank at each extremity. 
But if the arc falls to such a degree that 
the trailer fails to clear the bank, the return 
stroke jams it in a recess and makes the 



contact. This makes aetivo an electromagnet 
placed below the bob, and the adjustments 
ate such that the bob is attracted and the 
arc increased. 

By this device the pendulum can be kept 
moving at approximately the same arc, ami 
employed to find energy for the movement of 
0ial work, in spite of the widest variations in 
the resistance to such movement, due, for 
example, to exposure to wind. It is so em¬ 
ployed successfully by the Standard Time 
Company. It should be remarked, however, 
that neither the stroke of the trailer nor the 
puM of the electromagnet can be given to 
the pendulum in its vertical position, and 
therefore the time-keeping must suffer each 
time the arc is restored. 

A form of occasional control, applied when 
desired to correct an ascertained error, is 
used by the Admiralty to bring independent 
clocks into agreement with a given signal. 
At the passage of the signal a free pendulum is 
released from a click which was holding it 
aside, and begins to swing freely. It swings 
about the same axis as the pendulum of the 
clock which it is desired to correct. When 
the signal passes the two pendulums, being 
found out of phase with one another, the 
clock pendulum is brought back into phase 
by temporarily increasing or diminishing 
effective gravity by making live two fixed 
solenoids, which then attract or repel the 
pofts of a permanent magnet attached to 
the pendulum. As soon as the phases are 
brought into agreement, the current is turned 
off and the clock thereupon takes up its 
natural rate again. One solenoid is on each 
side of. the pendulum and 
the poles of the permanent 
magnet pass just above 
them. The solenoids are 
made without core, to 
guard against residual 
magnetism. 

The direct use of the 
electric current to main¬ 
tain the motion by at¬ 
tracting the pendulum is switch (. 
generally regarded with 
disfavour. It is found 
bettor to employ the cur¬ 
rent indirectly to stretch 
a spring, or to lift a 
weight, and to allow this 
to work upon the pendulum. But this 
matter belongs rather to the subject of 
maintenance than control, and under that 
head the systems employed by Iiicller, Sir 
H. Cunnynghame ami W. II. Shortt have 
been described above. 

Tho same is true to some extent of the 
master clocks specially designed to control 
systems of slave clocks ; they are independent 
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movers and require to be judged as such. But 
as they are designed with control as the aim, 
and their features are modified accordingly, 
they are described here. t 

The maintenance for master clocks employed 
by the Synehronome Company, in its final 
form, is virtually the same as Sir Henry 
Cunnynghame’s escapement, described above, 
except that the im¬ 
pulse is not applied 
at (he bottom of the 
pendulum and oper¬ 
ates only once in 
thirty seconds. l),ur- j 
mg thirty seconds the J 
pendulum is com- j 
pletely free, except j 
for the work of 
rotating a count j 
wheel, after which a i 
contact is made which j 
releases a gravity , 
arm that restores the | 
motion of the pen- ! 

Fig. 29. dulum, and at the j 

same time provides a i 
signal bv which any number of dials are kept j 
in step, with the counting of the master j 
pendulum moving half a minute at each ; 
step. The work done by the pendulum, and I 
on the pendulum, is arranged to fall while 
it passes its vertical position. The importance j 
of such a system is in proportion to its practical j 
success, and certain points deserve examina- j 
tion. The first of these is the character of j 



the necessary amount is about 0-3 amp., 
and a duration of contact of about 0-05 
sec. gives an easy margin of safety. The 
actual consumption of current is a negligible 
quantity. Extensive systems, for example, 
can be driven for some years upon a set of 
dry cells, and the greater part of the loss of 
energy of the cells is then due to leakage, 
not to work. 

A feature deserving mention is the automatic 
signal supplied when the battery power is 
not equal to its work of replacing the gravity 
arm upon its click. In such a ease the pen¬ 
dulum upon its return swing finds the roller 
in the lower position and assists the magnet to 
lift it. When it does so, it can be arranged 
that the contact it makes closes a circuit and 
causes a lamp to flash. Or a prolonged 
current may he made to operate the stroko 
of a sluggish hell which pays no attention to 
one which lasts only the twentieth of a 
second. Finally if the battery refuses its 
work, the pendulum will come to rest in a 
position which holds the contact open, and, 
for instance, will not completely exhaust an 
accumulator which only wants recharging. 

The system of control fitted by Messrs. 
Gent & Co., Leicester, embodies almost 
identical features. 

The master pendulum, like ever)' other 
independent, clock, will require occasional 
adjustment to time. This is done by pulling 
the count wheel round if the clock is slow, 
or by causing the engaging arm of the pen¬ 
dulum to ride clear of (he count, wheel if the 


the contact. The gravity arm presses on the clock is fast. Adjustments of less than two 
armature and ensures a good contact until : .seconds in the error can only be made, as in 
it is reset. Sparking is suppressed as usual by . any other pendulum, by touching t he pen- 
non-inductive shunts. The length of contact i dulqm with the hand. 

may be varied and must last until the most When an automatic standard time signal 
sluggish of the dials lias operated. The whole is available it can be used to correct such a 
operation may be examined and recorded*by clock, but regard®must be bail to the fact 
means of the oscillograph. Some specimens j that the correction must he made to the rate 
are appended, which show the circumstances of the pendulum, while the available indication 

( is the error, or integral of the fault of rate. 

| Any form of automatic correction will result 
J merely in rocking the error to and fro. If, 
; for example, it takes the simple form of 
! placing a small weight upon the tray in case 
the standard signal shows the dock to be 
i slow, this weight must he great enough to 
Fig. :{0. j meet at least errors due to the barometric 
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of the original make and growth of current, 
the effect upon it of the entry of a series of 
dials; others showing the difference in 
character when the current is taken directly 
off lighting mains interposing only a lamp 
resistance, and several other variations, are 
given in a paper* “ Modern Electric Time 
Service,” by F, Hope .Jones (Proc. Inst. Elec. 
Engineering, Feb t Iff 10, vol. xlv.). The growth 
of the current 1 hr quite free from “ splash ” ; 


equation, or, say, to produce not less than a 
change of ()■“> .sec. in a day in the error ; this 
may be too much, and at the best perform¬ 
ance the error ascertained by the standard 
signal will be alternately positive and negative. 
The only cure is to make the standard signals 
more frequent. In case they are sent once 
an hour, the amount of rocking is negligible; 
we approach the case of continuous control. 
No better result can be attained by attempting 
to feed in automatically changes of rate which 
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will slowly efface a large error. If the clock 
is slow and the error positive, the automatic 
arrangement continues to correct the rate 
until it becomes negative ; the error is still 
positive, and it goes on- correcting the rate 
more and more, until when the error is effaced 
the. cloek is left with a substantial negative 
rate, which will carry the clock as much fast 
as before it was slow before it in turn is effaced. 
A more primitive device disregard.-^ the rate 
of the clock and corrects the error b v att aching 
a pin to the minute-hand, and causing the 
signal to close a clip upon it, by which it is 
brought forward or backward to the exact 
hour. Put this hardly deserves the name of 
a control. 

Passing to the system of distributing time 
to a series of dials, the master clock makes 
available once every half-minute a current 
such as is indicated, say, by the oscillograms 
shown above. The rate of growth of this 
current depends upon the self-inductance of 
the circuit, for given voltage. A gradual 
operation is desired and consequently the 
whole system is put in series. In this way 
upwards of ,‘J00 dials are operated off a single 
master clock. There is no theoretical limit 
to the number, and the faults that occur are 
chiefly those incidental to wiring systems, to 
residual magnetism of armatures, and other 
details of such a. kind. The physical and 
indeed the practical problem arc perfectly 
determinate and may he considered as solved. 
The wheel work required for each dial consists 
of a star-wheel of 120 teeth to the arbor of 
which tho minute-hand is attached, together 
with a pair of gear-wheels operated by it, the 
second of which carries the hour-hand. For 
the largest turret dials, say 0 feet, or more 
in diameter, all this is contained in a little 
box 4 or 5 inches square, which hardly 
projects beyond the boss of tho hands 
and leaves the rest, of the. dial empty for 
illumination. 

The requirements for moving the star- 
wheel every half - minute are satisfied with 
too |puch variety of detail to illustrate all 
the constructions, but present certain common 
features. The movement conveyed by the 
electromagnet to its armature is too sudden 
to be impressed directly on the wheel work. 
The movement is stored in a spring, and when 
the armature is released, the latter replaces 
the armature in its original place and pushes 
the hands round. The rest is arrangement for 
securing provision of a backstop on the one 
hand to prevent the hands regreding, and the 
prevention of tripping on the other, i.e. the 
wheel moving forward two spaces for a single 
impulse. Inspection of the diagram shows j 
sufficiently how these requirements are 
secured. The actual system illustrated is the 
Synchronome. The plan adopted in their 


1 second - by - second dial referred to above, is 
almost identical, except for added gear-wheels, 
the. numbers of teeth, and lighter construction. 
The operation of the armature is easily seen ; 
! it is pivoted at I) and works upon the star- 
) wheel through the click E, against the end 



Fia. .31. 

of which the spring F bears. The stop H 
limits the forward movement which this click 
: can convey to the wheel. Tho backstop is 
i «I, a square pin in an arm G, pivoted at K. 
j G also contains a stout pin I, which prevents 
j the click from picking up more than one 
j tooth when the armature comes over. 

§ (Iff) Actual Pkrkormakck ok Clocks.— 
j There is more obscurity in stating what is the 
staffd^rd of actual performance that has been 
got from the best clocks than might perhaps 
be anticipated. Changes due to hygrometric 
j conditions of the atmosphere may he com- 
i pletely set aside by making the case air-tight. 
Barometric equation may be dealt with by 
the same device with equal completeness, 
though it is not manifest, when the barometer 
is changed in order to change the rate, that 
the change of rate taken up agrees completely 
| with anticipation. 1 

) Elimination of change of rate due to chang- 
j ing temperature is by up means certainly 
secured by the methods of compensation 
actually practised. Richer 2 collects published 
determinations for a number of the best clocks, 
which range from + 0-015 see. per day per 1 ’ ('. to 
- 0 01 sec., the value for Richer No. 1, with the 
mercury compensation desoubed above, p. 205, 
being practically zero. For the dock Kicller 
No. 25S, at the Royal Observatory, Edinburgh, 
the coefficient is -i 0 05 see. Rut the question 
is confused by problems of stratification of the 
air. Where practicable, the dock should he 
kept at constant temperature. 

1 Hut cf. Tisscraud, liulletin Astronomiifiie, J890, 
P. 2f>5, where a variation, equal apparently to the 
full barometric equation, is followed in a sealed 
clock. Out it may he suspected that there was 
some undetected leak, for the clock does not appear 
to have been furnished with any manometer to 
prove the constancy of the pressure within the ease 

* Die PriicmowChren, Munich, 1394, p. 14. 
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The following data may bo given to illus¬ 
trate behaviour under change of barometer; 
the observations were nyido at the ltoyal 
Observatory, Edinburgh. 

Clock. Rfefi.kr No. 258. (1917.) 


('look enclosed in 11-inch cylinder. Cylindrical t 
pendulum bob 15 cm. 8 cm. diam. 


Ex peri- 

Change in 

’haline in 

Change in 

meat. 

Bar. Press. 

Hate per Day. 

Semi-arc. 


nun. 

see. 

// 

1 

- 14 

■19 

-455 «- 

*-> 

414 

>- -22 

-42 

3 

•415 

1 -25 

-GO 

4 

- 15 

- -2G 

+«« 

5 

1 14 

-4 -22 

-39 

G 

- 15 

- -20 

i 21 

7 

4 15 

1 -26 

- 40 

8 

14 

- 21 

1 32 

9 

-t 14 

H *25 

- m 

10 

- 14 


+ 34 

Mean 1mm.— 

-4*0163 see.— 

-31" 


(1 inch — 

4 *40 sec. — — 

77") 


Synchronomk No. 1 


Tn the same clock, by numerous experiments, 
removing glass front without altering pressure caused 
gain of rate of - 0-4 see. per day. 

The foregoing numbers represent the joint 
effect of barometric change proj>er plus the 
effect on rate owing to consequent effect 
upon arc. The latter cannot be separated 
unless the arc-rate equation can be experiment¬ 
ally determined, it may not be assumed that 
it is, substantially, equal to the theoretical 
circular er^or. The following numbers, how¬ 
ever, present an example of such equality. 
The clock is King No: 2, of which the escape¬ 
ment has been described above ; by setting 
ii]) the romontoire so that the impulse wheel 
is a different mini her of stops (equal to fifths 
of a complete turn) in advance of the scape 
wheel, different impulses can be given and the 
arc varied permanently within wide limits. 


Semi-arc 
Observed rate 
Difference 
Of. theoretical ) 
circular error f 


55' Gf/ 71' 

(>•00 see. 1 -32 see. 1 -GO sec. 
+ -72 sec. -4 -28 see. 

+ •01 sec. 4*31 sec. 


The observations are means of several determina¬ 
tions. 


Clock enclosed in 9-incb cylinder. Cylindrical 
bob 10 cm. \8 cm. diam. 


Experi- 

Change in 

Change in 
Kale per 
Day. 

Change in 

meat. 

Bar. Press. 

Sony-awe. 


nun. 

42-30 

4 *83 


2 

+ -97 

+ ■41 


3 

-1-1-12 

+ *45 


4 

+ 1 02 

T 37 


5 

41*00 

4 32 


Mean 1 inch 

( 0-38 hoc. 



(1 mm.- 

- -4 0150 so 

.) 

1 

42-04 

4 -GO 

- 30 


41 01 

4 *35 

- 20 

3 

-41*22 

+ 69 

- 106 

4 

+1 -53 

+ •31 

- 63 

5 

42-02 

-4 07 

- 34 


Moan 1 inc h — ) 0-34 see. — - 32" 

(1 mm. = 4 0130 sec. ^ _ 1 - 3 ") 


Dent. No. 1500 
Cylindrical bob 9 in. x 2£ in. diam. 

Clock enclosed in reetungular case, 14 in. wide x 8 in. 
deep. ** 

Mean of numerous \ 1 inch = 40-40 hoc. 
experiments J (1 mm.=*= f-016 see.) 

Fkodsham. No. 1030 

Mercury in glass, with large stirrup, 11 in. x 4 in. 

( ‘lock enclosed in rectangular case, 14 in. wide x 8 in. 
deep. 

Mean of numerous! 1 inch — 4(472 hoc. 
experiments j(l inra.= f-*029 sec.) 


With regard to the actual performances of 
| clocks in their essential function of time* 
j keeping, though a large amount of material 
! has been published, it is not very easy t-o 
j draw definite limiting conclusions from it. 

The ideal clock would keep permanently a 
i constant rate, when reduced to constant 
circumstances. No clock does this, and again, 
,the means of testing whether it does so or 
not are themselves marked by sensible errors. 
Interpreting a series of recorded errors becomes 
a problem of plotting. It is much to be desired 
that simple impartial principles should be 
! accepted for plotting, smoothing, and inter¬ 
preting observed errors. This would cover 
j the*questions of (1) the admissible amount 
I of the accidental errors of observation ; (2) 
, whether in changing rate the change is gradual 
i or sudden, and by what coefficients ; (3) in 
| either ease, to assign the lengths of timonover 
, which a formula with given constants expresses 
| the rate. These should be settled on a basis 
that permits continuous application to the 
I performance of the clock, between say two 
j gleanings, and not mere consideration of some 
specimen run. The simplest and therefore 
the best supposition with respect to changing 
rate, if it is admissible, is a (lead smooth rate 
broken by sudden changes, the graph of the 
error being thus a broken rectilinear figure. 
This would throw any fluctuations of error 
of short period in among the errors of observa¬ 
tion, and together they would represent the 
departures between observation and the 
rectilinear graph. There would then be three 
elements to assign: (1) the succession of base 
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rales, as they may be called, being the slopes 
of the successive portions of the rectilinear 
graph ; (2) the number of days over which 
each base rate holds, and (3) the mean depart- 


The changes in the base rate that are 
revealed are themselves a smooth undulation. 
This may he taken as a fair example of the 
highest performance. For ordinary clocks so 


Riefler No. 258. T91G) 








No. 

Rase Rate 
per Pay. 

Term. 

Duration. 

Mean 

Krratle. 

No. of 

Observations. 


sees. 

ft 

days 

secs. 




Mar. 27 




1 

- -255 

Apr. 15 

19 

•040 

12 

2 

-•234 

7 



Apr. 22 

3 

-•101 

6 

•040 

3 

Apr. 28 

4 

- 128 

12 

•000 

«> 

May 10 

5 

-•117 

20 

•040 

11 

May 30 

G 

-142 

28 

•030 

10 



June 27 




7 

- -18G 

July 21 

24 

•020 

8 

8 

- -140 

13 

•020 

8 

Aug. 3 

9 

- -099 

17 

•020 

2 



Aug. 20 




10 

- 081 

Sept. 7 

17 

•027 

3 

11 

-102 


18 

•031 

8 



Sept. 25 

• 



12 

.117 

Get. 9 

14 

•057 

G 

13 

- Ml 

Oct. 31 

22 

035 

13 

14 

- -170 

• 

8 

•035 

4 



Nov. 8 




lf> 

-157 

Dec. 1 

23 

•05G 

5 

Hi 

- -108 


13 

•013 

3 


• 

Pee. 14 




17 

- -093 

Dee. 18 

14 

•023 

G 

18 

l 

o 

<5 

t* 

Jan. 6 

9 

•020 

3 

Means | 



• 



(omitting • 

-122 


lfi 

•033 

6 

Nos. 1,2) J 







ures, say the erratics , between observation 
and the graph. If the circumstances iye 
changed, as, for example, by regulating the 
clock by means of the barometric pressure, 
the base rate would of course be the rate 
exhibited plus the correction to standard 
pressure. An analysis upon these lines is 
made of the going of the clock Riefler 
No. 258 at. the Royal Observatory, Edin¬ 
burgh, and the extracts above illustrate the 
result. They start after closing the clock 
after a cleaning. 


stringent an analysis is quite inapplicable, the 
graph of error when plotted to *01 sec. being 
obviously curved and sinuous in short periods. 

K. a. s. 

Cloud: 

Diurnal variation of. See “ Atmosphere, 
Physics of,” § (20). 

Measurement of, at night. Sec “ Meteoro¬ 
logical Instruments,” § (20) 

Wave-like form of. See “ Atmosphere, 
Physics of,” § (17). 
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Clouds: 

Albedo of. Sen “ Meteorological Optics, 1 ’. 

$ (K>) ( ,v -)- 

Instruments for measuring motion of. See 
“Meteorological Instruments,” VII., §§ 
(33), etc. 

(1) Camera obscura. See ibid. § (34). 

(2) Darwin-Hill mirror. See ibid. § (35/. | 

(3) Nephoscoj>es. See ibid. § (33). 
Iridescent. See ibid. § (15) (ii.). 

Opacity of. See ibid. $ (Id) (i.). 

Rain, effect on electric field of atmosphere. ; 

See “ Atmospheric Electricity,” § (18)., 
Translucenee of. S*»e “ Meteorological 
Optics,” § (10) (iii-). 

CORFKIOIKNTS OF EXPANSION OF LlNK STAND¬ 
ARDS: method of measuring in comparator. ; 
See “ Comparators,” § (2), 

Col. See “ Atmosphere, Physics of,” § (18). I 
CoMRINATrON OF OhSKHVATIONS. See “ Oh- ; 

servations, The Combination of,” § (5). 
Comparator for Slip Gawks, 4" capacity : ; 
calibration of. to accuracy of one millionth : 
of an inch. See “ Metrology,” IX. § (32) (ii.). 1 

COMPARATORS 

Reference to the article “Line Standards 
of Ijcngth ” will show' that it is necessary in 
the first instance to determine with extreme 
accuracy the length of a line standard, and ; 
subsequently, from time to time, to check the ; 
result so as to detect any possible change, j 
This necessity is met by an apparatus called a j 
comparator, by means of which, as its name ; 
implies, the lengths of two standards may be j 
compared one with the other. There are many 
types of comparators, but all are designed to 
the same end, viz. the measurement of the ; 
small difference between the lengths of two 
standards. One of these standards being of 
known length, the length of the other may 
thereby be determined. 

In order to appreciate fully how the neeessaiy 
accuracy is attained, it is proposed to describe 
in detail a typical comparator, how it is used, 
the precautions necessary before and during 
the course of observations, together with some 
account of the manner in which the results j 
arc finally computed. This will he followed j 
by short descriptions of other comparators. 

§(1) One-metre Comparator, (i .) Descrip- j 
lion .—The instrument at the National Physical ; 
Laboratory was constructed by the Societe j 
Genevoise, and is designed to accommodate 
standards up to 40 inches in length ; it is 
therefore suitable for standards of the usual i 
type, either a yard or a metre in length. Any I 
such comparator consists essentially of a tank 
or bath suitably fitted receive the bars, I 


and, for viewing the lines, two microscopes 
so mounted that they can he rigidly fixed in 
any desired position ; the whole being carried 
on a east-iron bed which rests in turn on a 
massive concrete block. 

(a) Housing .—The whole apparatus is housed 
in a room which has a double roof and no 
outside walls, and which is suitably heated 
and ventilated, lienee the variations in tem¬ 
perature of the room over a long period aro 
only slight. The steadiness of the room 
temperature is a considerable factor in 
maintaining a steady temperature in the 
apparatus. 

(b) Foundations .—The concrete block rests 
in a brick-lined pit or well, the bottom of 
which is about three foot below the level of 
the floor of the room, and is separated from 
the walls of the pit by an air-space, thus 
isolating it from vibrations and other disturb¬ 
ances that may be set up in the floor of the 
room. The portion extending above the floor 
is encased in stout woodwork, which is secured 
to the floor without touching the concrete or¬ 
ally part of the apparatus. This is clearly 
seen in Figs. 1 and 2, as well as t he other parts 
about to be described. 

(r) /lose .— The cast-iron bed, by means of 
four stout levelling screws, rests on brass plates 
let into the top of the concrete. Its front 
and lower portion, about 4 feet long and IS 
inches wide, carries the tank, the weight of 
which is supported entirely by two machined 
strips, one at each end. The rear portion 
is extended upwards along its whole length, 
and carries a girder slightly overhanging the 
kiwer portion of the bed. The. whole is made 
hollow, and the rear portion is relieved in the 
usual way, so as to reduce its weight without 
affecting its rigidity. The top surface of the 
girder forms a carefully machined lied, which 
carries two slides frtmi which project, over the 
tank and at right angles to the length of the 
girder, two strong supporting arms for the 
microscopes. The slides can be adjusted in 
relative position along the girder, while the 
arms are adjustable horizontally in a direction 
at right angles to the direction of movement 
of the slide. The arms are provided at their 
ends with split collars, which h >ld the micro¬ 
scopes in a vertical position at any desired 
height above the tank. Thus, each micro¬ 
scope is adjustable in position in three 
azimuths, and the movable parts can lie 
securely clamped, once the desired positions 
arc attained. 

(d) l ank .—The tank consists of two troughs 
made of sheet copper, disposed one w ithin the 
other in such a way that they nowhere come 
into direct contact, the upper edges of each 
lying in the same horizontal plane. The space 
between the walls and bottoms of the troughs 
is filled with water, which, by surrounding the 
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(e) Carriage. -The whole tank is mounted 
on a east-iron platform with four small wheels 
which run on the machined strips at each end 
of the lower portion of the f>ed, and its motion 
to and fro is controlled by a wheel in front, 
which when turned actuates a worm gear 
placed under the centre of the platform. The 
direction of motion is controlled by two small 
guide wheels attached to the tank, fore and 
aft, and running in a V groove across the centre 
of the iron base. The whole weight of the 
tank is borne entirely on the four wheels of 
the tank and not any of it on the guide wheels 
(see remarks in (iii.) (l>)). 

( /) Girders .—The inner trough is provided 
with two girders whose function is to carry 
the bars when they are under observation. 
Each is fitted with three levelling screws, two 
at one end and on * at the other, and these 
rest on small platforms or steps at each end 
of the trough. The points of support, i.e. the 
ends of the screws, fit into the usual slot on 
one platform and the hole and plane on the 
other, thus allowing for expansion or con¬ 
traction without constraint. The platforms can 
be adjusted slightly in position by means of 
screws winch project above the top of the tank 
at either end. These adjustments, together with 
the movement of the tank as a whole, enable 
ono to alter the positions of the girders in 
three directions mutually at right angles, that 
is, up and down, to and fro, and longitudinally. 
Girders, steps, and adjusting mechanism 
inside the trough arc made of gun-metal to 
avoid rust. Each girder carries, transversely, 
two small rollers on which the bars rest, and 
which can be clamped to the girders in positions 
which ensure that the standards shall bo 
supported at the Airy points. In use, the 
inner tank is usually filled with distilled water, 
which is preferable to ordinary tap water; 
the latter, if used, is apt to deposit on the 
surface of the standards a thin opaque film 
which is ngt easily removed. Both inner and 
outer troughs are provided with small stirrers 
which are worked by a small electric motor 
on the wall near by. The outer tank is 
connected by pipes to hot and cold water 
supply, and is provided with a drainage 
pipe. 

(g) Microscopes. — The microscopes, of 
moderate power, are fitted with micrometer 
screw eyepieces, and the magnification is 
adjusted so that one division of the drum 
corresponds to a micron, tenths of a micron 
being read by estimation. The eyepiece is 
fitted with the usual comb, or rough scale, 
each tooth of which corresponds to one 
revolution of the screw, i.e. 100 g. There are 
three pairs of transverse cross-wires or spider 
lines, broad, medium. Or fine, together with 
one longitudinal line across the centre of the 
field of view at right angles to the pairs of 


/ 
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VW\ 

yw 
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lines. Every fifth recess of the comb is cut 
a little deeper than the rest, and one of 
the deeper cuts 
approximately 
locates the centre 
of the field of 
view r . Arbitrary 
values may be 
given to the 
divisions of the \ 
comb, aifd it is '• 
usual with these 
particular instru¬ 
ments to call the 
centre one 1000 
fi, the others Fiu. 3. 

being numbered 

accordingly from left to right in the field of 
I view (Fig. 3). 

( h) Illumination. —The illumination of the 
: lines of the standards is by vertical reflection 
! from the graduated surface. The source of 
I light is a distant Pointolitc lamp, placed so 
i that the light beam is in the direction of 
i the length of the comparator. Its position, 

• several feet away, ensures that it has no dis- 
i turbing heating effect on the bars or any part 
: of the apparatus. The light from the lamp 
is collimated and falls on a vertical mirror 
fixed under the supporting arm of the micro¬ 
scope. The mirror, placed at an angle of 45° 
to the direction of the beam, reflects the light 
through an angle of 90° towards a hole in the 
! tube of the microscope just above the objective. 

: Here it falls on the under surface of a cover 
■ slip tilted at 45°, so that the light is reflected 
| ‘vertically dow'nwards. The light is finally 
i reflected back from the horizontal surface of 
i the bar vertically upwards to the eyepiece. 

! (j) Thermometers. —The temperature of the 

inner trough is determined by two or more 
! precision mercurial thermometers, which are 
j supported on metal crutches attached to the 
| girders so that they lie near to, and at about 
the same mean level as, the bars. Their 
positions are chosen so that their readings will 
eventually give the moan temperature of the 
! water or, other surrounding medium. 

(j) Cover. —The tank is provided with a 
| movable metal cover which Is slotted along 
' its length so that the thermometers or any 
portion of the bar may be readily viewed. 
Varying lengths of metal strips cover- these 
slots, and by suitably rearranging these, any 
desired small portion of the slot may be loft 
uncovered for viewing the lines. Attached to 
the lid are low-power microscopes for reading 
the thermometers. 

(ii.) General Considerations , and Sources of 
Error. —It should be stated here that the fore* 
going description relates to a typical com¬ 
parator, which is shortly to be replaced by a 
more modem and elaborate machine, but that 




COMPARATORS 235 


the remarks-which follow are quite general, 
and are applicable, not only to this, hut to 
idl comparators. 

(a) Microscopes .— The micrometer micro¬ 
scopes of a comparator should be the best 
procurable, otherwise they may prove a fruitful 
source of error. Even the best, however, give 
rise to errors, which need careful investigation 
before the instruments are used. 

Errors' may arise from numerous causes. 
Change of temperature, by altering.the length 
of the tube, by varying the constant of the 
lenses, or by expanding the micrometer screw, 
may give rise to variations in the magnilication, 
but as a rule these effects arc negligibly small. 
Errors sometimes occur through inaccurate 
focussing, arising from objectives which are 
not aplanatic. The micrometer screw may 
possess progressive and periodic errors, or an 
error in the nominal value of a division. 
Periodic errors arise from such defects as 
variation in pitch, the abutments of the screw 
not being at right angles to the axis of rotation, 
eccentric drum or irregular divisions of the 
drum, etc. The undesirable presence of foreign 
matter in the thread or bearings of the screw 
may cause additional errors, but these can, 
with care, be avoided as a rule. 

The most abundant source of error is the 
screw, and it is necessary to calibrate it with 
great care. To measure each error separately 
is a laborious, if not an impossible task, but 
there exists a simple and effective method of 
measuring their cumulative effect. This 
consists of calibrating one microscope with 
the aid of the other, and is, very briefly, a$ 
follows. 1 

The eyepiece of the microscope to be 
measured is removed, thus exposing to view 
the cross-wires or spider lines, and the micro¬ 
scope is then mounted so* that these cross¬ 
wires, suitably illuminated, may be viewed by 
the other microscope vertically above it. «The 
latter is fixed in a carriage so that it can move 
parallel to the axis of the micrometer screw. 

The method consists in measuring successive 
nomiHally equal lengths of the micrometer screw of 
the lower microscope by the micrometer screw of 
the upper one, the same portion of the latter being 
used eaeh timo for each length of the former. For 
example, suppose every nominal J00 p length is to 
be examined, i.e. a length corresponding to one tugn 
of the drum. The drum of the lower one is set to 
zero, and a reading is taken by the upper micro¬ 
scope on the cross-wire of the lower one. Tho drum 
is then advanced one turn, and another reading on 
the cross-wire taken. Suppose these readings aro 
aj and a 2 . Tho upper microscope is now translated 
bodily so that it again reads a v or as near to it as 
it is possible to get, on the cross-wire below, which 
is not moved in the meantime. The drum is again 
rotated 100 divisions, and a reading obtained on the 

* Bull of B. of S. x. 375. 


cross-wire. The reading will very closely approxi¬ 
mate to a 8 . This process is repeated as often as 
necessary. Certain errors of setting may arise, and 
these may bo cumulative, but this effect can be 
counteracted by repeating the calibration with, say, 
500 d visions, i.e. 5 turns, or even larger intervals. 
It is useful, though not necessary, to alter the 
fliagniflcation in this ease, by changing the objective 
of the upper microscope, so that as long a length as 
possible of the screw of the upper one is used. 

Of course, shorter intervals than the 100 divisions 
can be measured, say every 10 divisions, and it. is 
probably then Hafo to interpolate for errors over tho 
intervening points. 

All the readings thus obtained can by a simple 
graphical method be translated into corrections, 
which are tabulated for further use. 

The method thus described is simple and accurate. 
Any errors that the screw of the upper microscope 
may have do not affect the result, since tin* same 
portion of the screw, within very small limits, is used 
each time. 

It should be realised, however, that where there 
are moving parts such as obtain in a micrometer 
screw, changes take place which lead to gradual 
changes in the errors, and that it is necessary, there¬ 
fore, to revise the calibrations from time to time. 
It is sufficient, as a rule, to check at frequent inter\ als 
the value of a division by comparing tho readings 
directly against a divided millimetre of known 
calibration. 

As the N.P.L. microscopes have very small 
screw errors, it is the practice to use the 
figure obtained by comparing with a divided 
millimetre as a mean error to bo applied to 
the result. It is expressed as a percentage, 
and is usually small, l>eing of the order of 
01 per cent or less. In order to minimise 
the chance of error due to possible defects of 
the lenses, it is also usual to limit the run of 
the screw by confining the observations to a 
| small portion of the centre of the field of view. 
A run of 200 /x is seldom exceeded where the 
best class of work is involved, and usually it 
is confined to within half this amount. 

(b) Temperature .—The accurate measure¬ 
ment of temperature is by no means the least 
of the difficulties that arise in comparator 
work, and the very best precision thermo¬ 
meters are therefore necessary. These should 
have large capacity bulbs, and narrow, 
straight, uniform bores, so that- the scales are 
not only even, but are sufficiently open ” 
to enable one to make readings easily to well 
within ()°*01 # G. The total range of the scales 
should he limited to that over which observa¬ 
tions are likely to be made. The thermometer 
must be most carefully calibrated, and the 
corrections thus obtained so adjusted that 
the resulting temperatures are given on tho 
hydrogen scale. It is sometimes necessary to 
oarry out the calibrations with the thermo¬ 
meters in a vertical position, but in the com¬ 
parator work they are used in a horizontal 
position, with the consequence that the 
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muling will bo higher than in the vertical 
position, necessitating a corresponding correc¬ 
tion, which is proportional to the length of 
the mercury column. This correction can he 
obtained by direct comparison in the horizontal 
position at various temperatures, with a 
thermometer whose corresponding correction 
is already known. It can, however, ho found 
directly, if each thermometer be provided near 
the upper end with an expansion chamber and 
a boiling-point mark. Comparison of the 
readings at the boiling-point in both horizontal 
and vertical positions will readily give ^he 
required “ vertical to horizontal ” correction. 

As is well known, the zero muling of a thermometer 
is subject to fluctuations which depend on its previous 
history and treatment, and which constitute a serious 
source of error. It is therefore necessary to check 
this point at frequent intervals, and to adjust 
accordingly the calibration curve obtained as above, 
ft is probable that the correction for the change in 
zero will not be so well known at any time as the 
relative scale calibration. 

Hut, however carefully the calibration be made 
and applied, it is seldom possible, even under the 
host, conditions, for the temperatures obtained with 
a mercurial thermometer to be reliable to a greater 
accuracy than 0° •01<\, and uncertainties of 0'*()2 ('., 
or even more, sometimes arise. When it is pointed 
out that an error in temperature greater than 0 o, 01 (*. 
may give rise to an error in the final result greater 
than the probable error due to any other cause, as, 
for example, the error of observation, the iinpprtftnce 
of accurate thermometry should be thoroughly 
appreciated. 

Owing to the limitations of the mercurial thermo¬ 
meter, it is probable that any further refinement 
in this direction will arise from the employment of 
other and more accurate means of making the 
measurements, such as, say, an electrical resistance 
method. 

(r) Other Sources of Error ,—In addition* to 
the microscopes and thermometers, there are 
other sources of error too numerous to mention 
in detail. Some of them will be apparent from j 
a study of the way in which the apparatus is 
set uj> and used, and their incidence and sjze 
will depend on the skill and care employed in 
manipulating the apparatus. 

(iii.) (a) Setting up and manipulating the 
Apparatus .—The two bars which are to be 
compared, say two metre standards, are placed 
in the inner trough, one on each girder, and 
supported by the rollers symmetrically at the 
Airy points, and with a sufficiency of water 
covering them. If one or both of the bars be 
liable to rust or other damage, the comparison 
may he made in air, or if necessary some other 
liquid may be used, such as paraffin. 

The microscopes are next adjusted so that 
they are at the same level, and this can be 
done by focussing each in turn on a particular 
spot, Ray near the centre of one of the bars. 
They are next placed approximately at a metre 


apart, so that the zero and the 1(H) cm. lines 
appear in or near the centres of the fields of 
view, and parallel to the cross-wires of the 
eyepieces. Both bars should be observed in 
fixing the microscope so that the best central 
position may be obtained. A horizontal line 
cutting the axes of the two microscopes should 
then he parallel to the axis of the bars. The 
microscopes, then rigidly clamped in position, 
are kept .^> during the course of the subsequent 
set of observations. 

It. may be necessary at this point to adjust 
the level of the girder by means of the end 
screws, so that the light is reflected pcrj>en- 
dicularly from the surface of the scale and 
passes vertically through the microscope. The 
lines are best viewed by diffused light, which is 
attained by attaching to the microscope, so as to 
intercept the light, a piece of line ground glass. 

The thermometers may now be placed in 
position on their supports and arranged so 
that their scales can be easily read from above. 
The surface of the water is next skimmed with 
blotting-paper to remove all foreign matter 
that might distort the image of the line, and 
so give an error in reading. It is necessary 
to repeat this at frequent and convenient 
intervals, even when the utmost care is 
j taken with regard to cleanliness. The cover 
is now placed in position, and the whole 
allowed to settle down to a uniform tem¬ 
perature, assistance being given in this process 
by frequent stirring of the water in both 
troughs. 

(b) Observations. - When it is found that 
Jhe temperature is steady and reasonably 
uniform, the tank is moved so that the rear 
bar is brought under observation. Certain 
adjustments are necessary before a reading 
can be taken. The lines are first of all very 
carefully focussed ,by raising or lowering the 
girder; the bar is next aligned, that is, the 
girder is moved transversely so that the 
longitudinal wire in the eyepiece appears to 
be mid-way between the two longitudinal 
lines of the bar; and finally the two defining 
lines are adjusted by moving the tank Urngi- 
tudinally, so that they appear symmetrically 
disposed in the respective fields of view. 

The bar is now in correct position for making 
a micrometer setting. Choosing one of the 
jVairs of cross-wire, say the medium, these arc 
moved across the field until the defining line 
appears mid-wav between them. The reading 
of the micrometer on each line is noted in the^ 
observation book. Fig. 4 shows the appcaranco 
of the spider lines and those on the bar, when 
a correct setting has been made, the heavy 
tines being those on the bar, and the lighter 
those in the eyepiece. 

The tank is now bodily moved backwards 
so as to bring the other bar under observation, 
and the whole process repeated. Several 




COMPARATORS 237 


observations are made in tliis way alternately 
on the bars, the final one being on the bar 
which was observed first. 

Temperatures are carefully read at the 
beginning and at the end of the set, as well 




I’m. 4. 

as at convenient intervals in between, and at 
the same time pauses are made for stirring the 
water so as to ensure maintenance of uniformity 
of temperature. It should be noted that in 
reading the thermometers, parallax errors may 
occur due l<> either a lack of uprightness of the 
microscopes or to the thermometers not being 
quite horizontal. The latter fault can readily 
be avoided with a little care at the commence¬ 
ment. The former fault is brought about by 
imperfect mountings, and in the type of micro¬ 
scope used at the M.P.L. the errors are 
counteracted to sonic extent by rotating the 
microscopes through nearly 180° half-way 
through a set of observations. 

Fiy H shows an actual sot of observations taken in* 
tliis way on two line standards, and indicates at the 
same time how corrections are applied and the results 
obtained. It. will he noticed that tire temperature 
changes slightly during the course of observations, 
and it is probable that all the piyts of the apparatus 
have changed temperature in a similar way. This 
may bring about a slight expansion or contraction 
of the girder carrying tho microscopes, and therefore 
a small alteration in the distance between the micro¬ 
scopes. Theoretically, this distance should remain 
constant, hut if observations are taken alternately 
on tin* bars in the manner described, the error due 
to such change, which in any ease is very small, 
is automatically cut out. 

In a similar manner the personal equation of the 
observer is eliminated. Errors duo to this cause arc 
usually the same on all the readings, and annul one 
another when differences arc taken. 

The two bars having boon compared in this 
way, their positions relative to one another aro 
changed, and another comparison made. This 
change may be effected by turning either bar 
end to end, or by exchanging them on the 
girders, or by a combination of both. It is 
thus possible to arrange the bars in eight 
different ways, and consequently to obtain 
oight different sots of comparisons All this 


may seem unnecessary, but it is possible for 
errors to arise owing to the position of a bar. 
For example, the appearance of a line may be 
slightly different vfhen the bar is turned end 
to end, with a consequent effect on the 
micrometer setting. 

That an exchange on the. girders is necessary is 
fteat exemplified by recording the discovery of a 
serious fault in the design of (lie N.P.L. comparator. 
Observations were taken in the usual way on two 
bars, but it was found that their exchange on the 
girders gave rise to a difference of .‘l /x or 4 /x in the 
result, an error out of all proportion to the observa¬ 
tional errors. The cause of this was looked for and 
was located in the tank guide wheels, which were 
found to he hearing heavily in the V groove. The 
centre of the cast-iron bed was therefore bearing 
some of the weight of the tank, and suffered a slight 
distortion which was transmitted to the girder carry¬ 
ing the microscopes. The distortion varied with the 
position of the tank, and the ultimate effect was to 
alter the distance between the microscopes when the 
tank was moved backwards. The obvious remedy 
for such a fault is to have the girder and the tank 
on quite separate beds, so that one is not affected by 
any change in the other. Hut it could not be done 
with the apparatus in question, and the difficulty 
was obviated to a great extent by first relieving the 
pressure on the guide wheels, and secondly by making 
an alteration in the mounting of the girder. A heavy 
triangular cast-iron slab was inserted between the 
girder and bed, and arrangement made to support it 
freely at three points only, the addition of a right- 
ang^td bracket to the bed being necessary for carry¬ 
ing one point of support. 

(iv.) Computation .—Returning to the com¬ 
parisons of the bars in eight different positions, 
it is obvious that they have been all obtained 
at different temperatures, and before the. 
results can he compared it is necessary to 
correct them, so that they all appear as if 
taken at the same temperature, by applying 
the. known expansion coefficients. The best 
temperature for this purpose is the approxi¬ 
mate mean temperature of all the observations. 
The mean value of the results can then be 
determined, and lienee from the “ known ” 
bail the length of the other one can be 
found. 

'The direct, comparison of two bars by the 
method just described gives sufficiently 
accurate results for many purposes, the 
accuracy being probably of the order of within 
one in a million ; but it is sometimes necessary 
to obtain a gfrater accuracy than this, as for 
instance in tho standardisation of certain bars 
which are used as standards at the N.l’.L. and 
at other similar institutions. This increased 
accuracy is attained by a method which 
involves the complete intercomparison of 
several bars at one time. The manner of 
computing the results provides not only the 
most probable value of the bars, but also a 
measure of the accuracy of the work done. 
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Any number of bars, from three upwards, 
may be taken, the greater the number the 
greater as a rule the probable accuracy obtain¬ 
able ; but it is best to Unfit it to live or six, 

For....... 

Comparison of. Ni . (£) 

With Standard. Ni.4.3.%.... No. ..(C) 


-0~D- 

— C D n C A....100... 

Ba * Pus,:,nn D B . 


in turn, by the method just described, the results 
(the mean of 4 or 8 sets, as the case may be, for 
each pair) reduced to a common temperature are sot 
down in rows and columns to form a square, such os 

Date . 18.10.20., 

Observers. L.O.C.J..... 


Standard^_^ Position q £‘"’*.0^1 


Left 


. Ni. . 

Ni.43%. 


Right 


Stir 


Stir 


Stir 


Thermometers 


Front Nos. 
.32053 | 

.12:790.. 


... 12 : 77 . 2 ... 


12*772 


Back Nos. 
...32055. \ 


. ..12.-.835. 


• 

Left Microscope No. A ... 

Cross Wlres-Narrow-Medium. Wide 
j Mean Value of 1 Divlsion-0-07.% 

Right Microscope.No.E.. 

C* oss Wires-Narrow, Medium,wide j 
Mean Value of 1 Division.I 

A 

C 

B 

D 

.037*0... 


1040-6 



_9.95-8... 


.1003-8 

.958*4. 


. 1060*5 _ 



.. 1017-1 


1025*6 

_0.78*2. 


.1082*3... 



... .1037* 3. 


„.1045:7..... 

..898:6... 


1104-0 



1054*0. 


.1064:5.,.. 

..... *1018-5. 


1123-4 


977-86. 

.1020*20,. 

.1082*16... 

...1034:90. 

(a) 

(c) 

fbf 

(d) 

-48-34„ , 

+ 47*26. 

fa- 

-O 

(b- 

-«> 

r...+.P.-. 03 ....... 

.0-00.„... 

-48*31 . 

... +47-26 

1 (a- 


(b 

-«> . J 


Mean Readings 
Differences 

Corrections to give 
Deg. C. (Hyd.) and 
Microns 

Corrected Results 


.J2.-.7.78. 


.O.QOO.. 

. 12 : 778 ... 


... r.Q;0.48... 
... 12:782... 


Mean Temperature ..-.12:780 


Difference (AB minus CD) / q ~ef-pbLt// ' 


Remarks—(Experimental conditions; Nature of graduations; etcu_ 

Fig. 5. 


aa if more be used the slight advantage gained 
in the results is discounted by the dispropor¬ 
tionate extra amount of labour arid time 
involved. Further, if at least five or six bars 
be taken, it is-possible to reduce the number 
of observations by one half, since it is 
sufficient in such a case to obtain only four 
sets, instead of the complete eight sets, for 
each pair of bars. 

Each bar having been compared with all the others 


Sh illustrated by Fig. 6. The six burs involved in 
this particular squnre arc denoted by t he letters A, B, 
etc., which, it will be seen, are placed at the heads of. 
the columns and the beginnings of the rows. The 
observed differences (all expressed at 16'’ C.) are. the 
figures shown in upright type, in the centres of the 
smaller squares. Any particular result is readily 
associated with the bars from which it is derived 
by reading the letters which denote the column 
and row in which the result is placed. For example, 
-24*00 is obtained by a comparison of B and D," 
and is completely interpreted : length of B- length 
































■ COMPARATORS 


239 


uf J)« - 24-00 p. Similarly +88-14 should be read : 
length of E length of 11- +88-14 p. (’are should 
bo taken in expressing tho difference between two 
• bars in the correct way, the difference always being 
equal to (bar denoted by column)-(bar denoted by 
row). It will bo noticed that each result, appears 
twice, but with opposite signs, and a moment’s 
thought will explain why this is so. Six small 
squares, except tor the 
diagonal through then), 
are loft blank, since there 
are obviously no results to 
be placed in them. 

Having explained the 
building up of the square, 
it remains to show its 
purpose. The six columns 
are added together, tho 
separate sums (S) forming 
another row. The total of 
these sums should be zero, 
since the total involves 
pairs of equal value and of 
opposite signs. Each sum 
is now divided by six, the 
number of bars, thus giv¬ 
ing a row M of mean values 
for the columns. From 
these mean values we can 
now calculate tho most 
probable values for each 
sub-square by a process of 
simple subtraction. Tak¬ 
ing examples: 

Length of A - length of 

JJ —mean of column A 

- mean of column 

11- + 92-57-(- 92-75) 

- + 185-32 p. 
length of U length of 

E=>( -5)2-75) (-4-08) 

- - 88-07 p. 

In this way calculated 
values are obtained for all 
the pairs of bars, and 
these arc inserted in tho 
squares (italicised figures) 
for comparison with tho 
observed results. The re¬ 
siduals, i.c. the difference 
between the observed and 
calculated values, are also 
entered, and serve to give 
an idea of the accuracy 
with which the observed 

results have boon obtained. It will be noted that 
the calculated values and residuals arc shown in haK 
. the square only; it is obvious that to insert them in 
the other half would be only needless repetition. 

The method thus described of computing the most 
probable from the observed values is an exceedingly 
simple operation, yet it satisfies the law of least 
squares, which in other circumstances is much more 
troublesome to apply. The calculated results, which 
are the basis of the finally accepted values of the 
length of the bars, are probably correct to 1 in 
5 , 000 , 000 , and may on occasion be accurate to 1 in 
,10,000,000, that is 0-1 p per metre. 


Tho final step consists in obtaining tho absolute 
lengths of the bars from the mean values M, which 
so far are only relative, but this cannot Is? done 
unless the absolute length of one of the bars is already 
known by means of some previous determination. 
Hut, before doing this, it is necessary to decide at 
what temperature the final absolute lengths are. to 
be stated. The actual temperature chosen may 


\. • 

A 

B 

c 

D 

E 

F 

\ 

\ 

■ 


9H9HU 


■SB 

A 

-185-34 

-12-49 

-161-22 

-97-10 

-99-27 


+ 185-32 

\ 





B 

+ 185*34 


+ 172-75 

+ 24-09 

+ 88-14 

+ 86-18 


+ •02 

\ 






+ 72-37 

-772-05 

\ 




C 

+ 1249 

-172-75 

\. 

-149-17 

-84-93 

-80-86 


+ •12 

+ •20 

\ 





+ /(?7-27 

-24 11 

+ 148-84 

\ 



D 

+161-22 

-2409 

+ 149-17 

\. 

+ 63-72 

+ 61-80 


+•01 

+ 02 

+ •33 

\ 




4 97-25 

-88-07 

+ 84-88 

- 63-96 

\ 


E 

+ 97-10 

-88-14 

+ 84-93 

-63-72 

\. 

-2-11 


-•15 

~#7 

+ 05 

+•26 

\ 



+ 90-23 

-86-04 

+ 86-91 

-61-93 

+ 2-03 

\ 

F 

+ 99-27 

-86-18 

+ 86-86 

-61-80 

+ 2-11 



-01 

. -14 

-05 

+ -13 

+ •08 

\ 

pcs 

-+555-42 

-556-50 

+ 481-22 

-411-82 

-28-06 

-40-26 








M 

5-92-57 

-92-75 

+ 80-20 

-6864 

-4-68 

-6*71 








• 0 

Corrl to 0 C 

-18907 

-17-14 

-119-86 

-18 35 

-188-50 

-5-95 


• 






at 0° C. 

-96-50 

-109-89 

-39-6G 

-86-90 

-193-18 

-12-66 

add 

+ 73-40 

+ 73-40 

+ 73-40 

4 73-40 

+ 73-40 

+ 73-40 


-23-10 

-36-49 

4 33-74 

-13-59 

-119-78 

+ 60-74 


.FIG. 6. 

depend on circumstances, but with standard metres, 
and standard yard lmrs, the temperatures at which 
these are defined, viz. 0° C. and 02° F., are usually 
selected. The .relative values M of the six bars 
that have just been discussed are stated at 15° C., 
and since they are metre standards, tho values 
are usually expressed at 0°(k, and utilising the pre¬ 
determined coefficients of thermal expansion, correc¬ 
tions are applied to the moans M. The next, two 
rows, Fig. 0, will make this step clear, but the values 
thus stated at 0° 0. are still relative only. Bar A 
is taken as the “known” standard, with a length 
at 0° C. of 1 metre - 23-10 p. 
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The figure - -.‘MO is substituted for — OG-fiO, and outer trough, and where both a and (3 are to 
the others are amended accordingly, thus giving the be determined, it is best to take as many 
absolute lengths of ail of them at 0 ° r.tj. C’s equa- points as possible on the curve, seven at least, 
turn to scale is I metre -i 33-74 /x*ot 1 -(>000337 4 metres. ]t . is evidcnt that this met hod eail bo 

It may be interesting to add that A, B, etc., employed for determining the expansibility 
are six standards actually in use at the N.1\L of any material which can be fashioned into 
A and B are made of pure nickel, B and E a rod or bar, and which can he made to carry 
of invar, 0 of 43 per cent nickel steel, and two reference lines, one near each end. The 
of silica. Fuj. t> gives the results of their actual distance between these two lines can lie corn* 
intercomparison during the month of October pared at different temperatures with a liko 
11120. Bar A had just previously been com- distance <*.i a line standard whose coefficient 
pared direct with a copy of the International of expansion is known, in the manner just 
Prototype Metre at Sevres, and hence the described. The lines can he ruled on the 
reason for selecting it as the basis of the polished surface of the rod in the case of 
determination of the lengths of the others. metals and like substances, but with other 

§ (2) Coefficients of Expansion. -- materials it is necessary to insert metal plugs 
Thermal expansibilities are so indissolubly at each end for this purpose. With some 
associated with all line standard work that materials the water as a medium must be 
it is necessary to bo able to measure with dispensed with. For example, steel rusts in 
the highest possible accuracy the coefficients it, brick absorbs it, etc. 

of expansions of the various bars used. Means It may be replaced by some other liquid, 
of doing this over normal ranges of temperature such as paraffin, which does not affect steel 
are provided by the N.P.L. comparator and (say), or the determination may he carried 
other comparators of similar dosigu. The out in air. In the latter case the result will 
method employed is entirely analogous to that not of course, be so reliable as a similar result 
of comparing the lengths of two bars. obtained with a liquid medium. 

Two standards are placed in the inner trough § (3) Double - tank Comparator. — While 
in the usual way, one of them having at the | the comparative method of determining 
commencement a known coefficient of expan- coefficients of expansion in a single-tank 
sion, from which that of the other may be comparator meets most eases that arise, it 
derived. The lengths of the two standards becomes necessary at some time or other to 
are compared at various temperatures varying | find by an absolute method the expansibility 
from about 0° to 35° C. The varfluiH ! of a bar. Kesort is therefore made to a corn- 
differences obtained are plotted ana ins t tern- j purator fitted with two separate tanks. Such 
perature, and the points will as a rule be ' a comparator, as used at the International 
found to he on a nearly straight line. If , Bureau, is illustrated in Fig. 7, from which 
the mean coefficient oi 
the range of temporal 
sufficient to draw the 
straight line passing 
through or near the 
points, and obtain 
the coefficient ac¬ 
cordingly. B\it the 
most accurate line 
standard work de¬ 
mands something 
better than this, and 
as the expansi¬ 
bilities almost 
invariably fol¬ 
low a quadratic 
law i>f expansion 
and not a linear 0^ 
one, it is neces¬ 
sary to find the 

quadratic or B Fits. 7. - Double-tank (‘nmiurator. (Made by La Society tlencvoiso.) 

term of the ex¬ 
pansion equation IS E 0 (l + a0+ fiO 2 ), and this j its main features w ill he evident. The two 
is best computed with the help of the law of i tanks are on a common platform, with 
least squares. j sufficient space between them to prevent the 

The temperature of the standards is varied j heat of one affecting the other when they 
by means of hot water or ice placed in the i are at different temperatures. The platform, 
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with the tanks, can be moved along rails, so 
as to bring each tank in turn under the 
microscopes, which are mounted on two 
Separate pillars on either side of the platform. 

Other comparators of this type, the Uni¬ 
versal Comparator at Heme, and the four-metre 
comparator of the Indian Geodetic Survey, are 
more fully described later, and reference should 
be made to them (§§ (6) and (8)). The method 
of using the double-tank comparator for obtain¬ 
ing absolute coefficients is briefly as'follow?. 
The bar whose expansibility is to be found is 
placed in one of the tanks, and a reference bar 
(not necessarily of the same material) is placed 
in the other. The temperature of the reference j 
bar throughout the series of observations is 
kept constant, preferably with the assistance 
of a thermostat. The temperature of the 
other bar is varied in the usual way, and its 
length at different temperatures compared 
with the unvarying length of the reference 
bar. The differences in length obtained 
obviously give absolute expansion, from which 
the absolute coefficient is determined. It is 
thus seen that the method of taking observa- j 
tions is quite analogous to the comparative j 
method employed with the single-tank com¬ 
parator, and differs only from it in that one 
bar (the reference) is kept at a constant 
temperature, and therefore of unvarying 
length. 

§ (4) Tutton Wave-length Comparator.* 
—This comparator is so designed that it is 
possible to determine the difference between 
the lengths of two standards by two different 
methods. The instrument may be used in 
exactly the same way as the N. I*. L comparator, * 
by alternately observing the lines of each bar 
with the help of two rigidly fixed micrometer 
microscopes ; or it may call to its aid the 
distinguishing feature of the apparatus—a 
sjHieial optical arrangement ^vhich enables the 
difference in the lengths of two standards to 
be measured in terms of wave-lengths of mono¬ 
chromatic light. This optical device consists 
chiefly of the Tutton interferometer 1 for 
producing fringes or bands, together with a i 
suitable source of light, means of selecting I 
and directing the particular kind of light . 
required and of viewing the bands, and a I 
mechanical arrangement for producing slow' [ 
and steady relative motion between the 1 
interfering surfaces. 

“ The essence of the interferometer is that 
homogeneous light, of a definite wave-length 
corresponding to a single spectrum line— 
isolated with the aid of a constant-deviation 
prism from the spectrum derived from a 
cadmium or hydrogen Geissler tube, or a 
mercury lamp—is directed by an auto-collima- 
tion method, ensuring identity of the path of 
the incident or reflected rays, normally on 
* Phil. Trans, A, 1898, cxel. 324. 


two plane‘surfaces, arranged close to each 
other and nearly, but not absolutely, parallel ; 
the two reflected rays give rise, by their inter¬ 
ference, to rectilinear dark interference bands 
on a brilliantly illuminated background in the 
colour corresponding to the selected wave¬ 
length. 

•“ In tne instrument now' described, one of 
theso two reflecting surfaces concerned in the 
production of the interference bands is carried 
by, and moves absolutely with, one of the 
two microscopes employed to focus the 
fiducial marks, or ‘ defining lines,’ deter- 
mi’ftitivc of the length of the. standard, the, 
other being absolutely fixed. The movement 
of either of the surfaces with respect to the 
other causes the interference bands to move, 
and the extent of movement of the surface is 
equal to half the wave-length of the light 
employed for every interference hand that 
moves past a reference mark carried by the 
fixed surface. The movement of the micro¬ 
scope parallel to itself and to the length of 
the standard bar is thus measured by count¬ 
ing the number of bauds, and the initial and 
final fractions of a band which arc observed 
to pass the reference spot during the move¬ 
ment, and multiplying that number by the 
half wave-length of light radiation used in 
the production of the bands. Jt is only 
necessary, therefore, in order to compare the 
lengths of two bars, (1) to place the bar of 
known length, say, the Imperial Standard 
Yard, under the two microscopes so that the 
two defining lines are adjusted in each case 
between the pair of parallel spider lines carried 
by each of the micrometer eyepieces ; (2) to 
replace the standard by the copy to be tested, 
so that the defining line near one end is 
similarly adjusted under the corresponding 
microscope, then, if the other defining mark 
is not also automatically adjusted under the 
second microscope which carries the interfero¬ 
meter glass surface, as it should be if it is an 
exact copy, (3) to traverse that microscope 
until it is so adjusted, and (4) to observe and 
eoutit the number of interference bands which 
move past the reference spot during the 
process. The product of this number into 
half the wave-length of the light used to 
produce the hands thus ob. iously affords the 
difference between the two lengths included 
between the defining marks on the two bars.” 2 
Much an optical arrangement depends for 
its success on the exceptional accuracy of 
finish of certain mechanical details. It is 
necessary in traversing the microscope that 
it should move truly parallel to itself, i.c. 
without any rotational motion throughout 
the whole distance of its traverse, and this 
condition can only be fulfilled by ensuring 
that the various surfaces which are in sliding 
1 Tutton, Phil. Trans. A, 1910, ccx. 1. 
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contact are lapped extremely truly, a task 
obviously calling for the highest mechanical 
skill. Also, the motion of the microscope, and 
hence the passage of the bands across the 
field of view, must bo under perfect control, 
and this is effected by a special slow-motion 
screw. That these mechanical details are 
satisfactory is shown by the fact that the 
bands move across the field of view with 
perfect steadiness, without rotation in the 
field of view, without alteration in width, 
and with no vibration, and when the actuating 
screw is stopped they cease moving im¬ 
mediately. 

In the following paragraphs a brief descrip¬ 


tion is given of the main details of the 
apparatus. 

The Tutton Comparator (Fig. 8) is in use 
at the Standards Department of the Board of 
Trade, Old Palace Yard, Westminster, where 
it is housed in a room in the basement. The 
floor of the room is 10 feet below the street 
level, and the actual foundations for the 
instrument commence 4 feet lower still. The 
foundations, which arc “ isolated ” from the 
surrounding floor and earth, Consist of two 
concrete blocks carrying two stone blocks, 
which in turn support the apparatus. 

Since it is necessary to control the tempera¬ 
ture during the course of observations, which 
may at times be rather protracted, the room 
is provided with a number of electric heaters, 
which are controlled by means of a thermo¬ 
stat. The i£ick stone wall* and the double 
doors assist by reducing the amount of radia¬ 


tion in or out of the room. The constant 
temperature of 62° F. is thus maintained, day. 
and night, throughout the year. 

The greater part of the apparatus is carried 
on the larger of the two stone blocks, the 
smaller and lower block carrying the interfero- ' 
meter-telescope podestal. The large block, on 
its upper surface, carries a V and plane bed 
().I feet long. In front of the block, and form¬ 
ing a step 7£ inches wide, is another surface, 
nearly 8 inches lower than and parallel to the 
top surface, and this also carries a V and 
plane bed. Both beds arc identical except 
in width. They lie on iron plinths securely 
bolted to the stone block, are made of close- 


gnfined cast-iron so as to secure homogeneity, 
are machined and lapped very accurately, 
and are so secured to the plinths os to be under 
the least possible strain. 

The lower bed carries a special cable, on 
which are placed the standards to be com¬ 
pared, and which are capable of various 
adjustments, both quick and fine, which are 
needed to bring the linos of the standards 
•into correct position in the field of view of the 
microscopes. Some of these adjustments are 
of a novel nature, and provide a smooth and 
easy motion devoid of jerkincss. 

The upper bed carries two sliding steel 
blocks, which can be secured to the former 
in any desired position. Each block is 
finished so that the upper surface provides a 
V and plane bed for the support of a steel 
slab to which is rigidly attached a microscope 
overhanging the table on the lower bed. The 



FlO. 8.—General View of Tutton Wave-lenpth (toittparator. 
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motion of the Blab over a block » controlled 
by the special glow-motion screw already 
referred to, the mechanism being briefly as 
Inflow, In a cylindrical hole, bored through 
the length of the block parallel to the direc¬ 
tion motion of the block, slides a well-fitting 
nhosnhor-bronzc rod, which carries a projeet- 
engaging through a slot in the upper 
part of the block with the slab above. The 
rod, and therefore the slab, is moved by 
means of a fine screw, fifty threads to the inch, 
fitting into one end of it. The en o 1 
screw which projects from the block carries 
a worm-wheel of 100 teeth, which engages 
with an endless screw at right angles to t. 
This endless screw is worked through a flexible 


Beck, arc fitted with various adjustments so 
that they can be set up with their optical 
axes vertical and parallel. Each is counter¬ 
poised by a leader, weight on the opposite 
side of the steel slab. They are fitted with 
double-motion cobweb micrometer eyepieces, 
and the magnification can be varied according 
t« the nature of the lines under observation. 
Using a f-in. objective, and eyepieces tin. 1 
and No. 2, magnifications of 150 and 280 are 
obtained. Either of these arrangements of 
lenses is suitable when liars like the Imperial 
Standard Yard are being observed, since it 
peimits of focussing on to the lines at the 
bottoms of the cylindrical holes and at the 
same time provides sufficient clearance fur 



Flo. 9.—Central l'art of Tultn.i Wave-U-ngtli Comparator, showing Interferometer. 


shaft, by means of the control wheel mounted 
on the small stone block in front of the instru¬ 
ment and near to hand for use by the observer 
viewing the bands in the telescope. One turn 
of tlie control wheel, which is graduated on 
its circumference, corresponds to the passage 
of fifteen interference bands across the field of 
view, corresponding to a movement, of the 
microscope of -005 mm. The tine screw is 
also provided with a milted hi ad for turning 
it independently of the control wheel, together 
with a divided drum for taking measurements 
of the traverse. 

As already mentioned, the parts referred 
to in the foregoing paragraphs are those 
oalling for such refinements in accuracy of 
the moving parts (the straightness and flat¬ 
ness of the lied, etc.), and rendering possible 
' the use of the interferometer. 

.The microscopes, specially made by Messrs. 


the bars to be traversed under the micro¬ 
scope. 

With a T Vin. dry objective, magnifications 
of about 1600 and 3000 are attained, suitable 
for viewing such fine lines as the Grayson 
rulings. Illumination of the microscope is by 
means of a distant Pointolitc lamp, the rays 
from which are first filtered through a copper 
acetate solution, thus giving a greenish blue 

light. ..t 

The interM'ometer {Fig. 0) consists of an 
auto-collimating telescope, a dispersing ap¬ 
paratus, and three truly plane glass plates, 
two of which are responsible for the formation 
of the fringes. 

The telescope is fixed by the side of the 
control wheel previously mentioned, with its 
axis at right angles to the run of the bed of 
the comparator, and ia carried on a rigid 
pedestal resting on the lower and smaller 
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stone block. The pedestal lias adjustments 
by means of which the telescope can be moved 
in three directions mutually at right angles. 

The source of the monochromatic light is a 
cadmium, hydrogen, or noon vacuum tube 
fixed by the side of the telescope. 

The dispersing apparatus rests on an ad¬ 
justable horizontal divided circle attached t<<> 
the upper bed of the machine, and serves to 
select the required radiation. The dispersion 
may be effected either by two refracting 
prisms, or by a llilger constant deviation 
prism. The latter has proved to be veiy 
satisfactory in practice ; it has the advantage 
that, in order to change from one kind of 
radiation to another, only one operation is 
necessary, viz. the rotation of the prism. 

Of the three optical plates or discs (Fig. 
10), one, g :i , is of black glass, and the other 



two, and g.,, of clear glass. The black disc, 
optically polished on one side and grotimr on 
the other, is suitably mounted on the micro¬ 
scope just above the objective and so that a 
line normal to its surface is parallel to the run 
of the bed. The two clear glass discs, polished 
truly on both sides, are in the form of wedges 
with do-minute angles, and are identical. 
They are supported in a suitable bolder (1, 
so that they are very nearly parallel to one 
another and to the black glass disc, but so 
placed that the thin end of one is opposite 
the thick end of the other. The holder (1 
is fitted to, and can slide along, the front of 
the upper bed, between the microscope and 
the dispersion prism, and can he rigidly fixed 
for use in any desired position. All three 
discs are fitted with adjusting screws, r, h, 
and k, so that the various polished surfaces 
may be set correctly with respect to one 
another. 

Interference takes place bet ween the polished 
front surface of the black gla*& g 3 and the 
nearer surface of the disc g. t immediately 
opposite, ami the angle between the two 
interfering surfaces is so arranged that the 
fringes appear vertical in the field of view 
of the telescope. Reflection from the hack 
surface of g. z is eliminated by its 35-minute 
inclination to the front surface. Rut this 
same inclination of the two surfaces gives rise 
to a slight dispersion effect* the correction of 


which is brought about by the introduction 
of the third or countervailing disc g v The 
bands of course move across the field of view 
when the distance between the interfering 
surfaces is varied, and this, as is noted earlier, 
is brought about by the movement of the 
microscope. 

It has already been noted that the apparatus 
can be used with or without the interferometer, 
but whichever method is employed for com¬ 
paring thvo standards, the comparator has 
the advantage that the conditions existing 
during a set of observations can bo repeated 
at a later time, mainly because the temperature 
is under control. 

The control of the bands is, as a rule, a 
matter of care and patience, and is frequently 
a very tedious process when the fringes arc 
I numerous. The number of bands observed, 

I however, depends, at the commencement and 
at the finish of the counting, on the way in 
which the central axes of the defining lines 
on the standards are estimated in the micro¬ 
scopes. If the lines are wide or, worse still, 
i have irregular edges, the operation of judging 
j the centres of the lines is a difficult process, 
! ami it is probable even that different observers 
may make different estimations, with a corre¬ 
sponding difference in the total number of 
hands counted. The coarseness of the lint's 
I is therefore a drawback to the method, and 
I may give rise to errors out of all proportion. 

I to the accuracy with which measurements can 
j be made with the interferometer. Some idea 
; of the coarseness of the lines may he gathered 
I from the fact that the width of those on the 
j •imperial standard yard corresponds to the 
passage of forty-live interference ham Is past 
j a reference spot, and those on the platino- 
iridium yard to fifteen bands. The remedy 
! appears to he to produce standards with lines 
j the width of whicli is comparable with a wavo- 
i length, coupled with an increased power in 
j thc’hnieroscope, but this point has been dis- 
j cussed elsewhere. 1 

! § (5) Tile Brunner Comparator. —The 

j Brunner Comparator, 15 Fig. 11, at the Bureau 
International des Poids et Mesures, is employed 
only in tho comparison of standards one metre 
j in length. In principle it is the same as tho 
J N.P.L. comparator, and differs from it mainly 
in the manner in which tho microscopes are 
j riiountod, these being supported solidly by 
two massive pillars, one on either side of the 
rest of the apparatus, which is supported on a 
separate block. The tank, fitted with girder 
| and rollers for supporting the bars under 
observation, is fixed to a carriage which in 
! turn rests on a cast-iron base. By means of 
| wheels attached to the carriage, the latter (and 
therefore the tank) can he moved along the 

j 1 “ Line .Standards,” 5 (1) (vi.). 

I * Trap, et Mitn. de IlJ.r.M. vil. 
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bed, to and fro under the microscope, or can piece of apparatus. Thus, using only one of 
be moved entirely from under the microscope the two tanks, it is possible (a) to compare 
to render the interior of the tank more access- any two similar standards having any length 



Flu. 11.—The One-mrtre Comparator at the Bureau International ties Bolds 
et Mesures. (Made by Brunner freres.) 


between the limits 01 
metre and l-2f» metre, 
and (/>) to determine co¬ 
efficients of expansion 
by the comparative 
methods. Employing 
both tanks, (c.) abso¬ 
lute coefficients of 
expansions can be 
measured. Further, by 
removing one of the 
tanks and replacing it 
by a specially made bed 
provided with a longi¬ 
tudinal movement, it is 
possible (d) to calibrate 
the subdivisions of a 
scale, and (e) to com¬ 


pare short scales (t.e. 


ible. The carriage is fitted with an adjust- those which cannot lie determined by the 
ment whereby the four screws on which the method indicated in (a) above). For method 
tank rests can he simultaneously turned, and of carrying out (d) and (c) see “ Subdividing 
the tank therefore bodily moved vertically. Comparator” ($ (!))). 

4j (<>) Tub Unjvkusai. Compakatok. at The main features <>f the apparatus are 
Bhknb.—T his comj)arator ( Fit/. 12). made by given below and will he readily followed by 



Fio. 12.—The Universal Comparator of the Bureau FiWral <les Folds et Mesures at Berne. 
(Made by La Soclctx': Uunevoisc.) 


the Soeiete Gencvoise, is in use at the Bureau means of the illustration. The microscopes 
Federal flea Poids et Mesures at Berne. Ltt are carried on a strong cast-iron box-ginler, 
design is such that all the determinations which can he filled with water for the purpose 
required in connection with line standards of preventing abrupt changes in its tempera- 
or scales may be made by means of the one turn. The girder is supported at the ends 
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on two separate massivo pillars, and any 
longitudinal constraint in it iH obviated by 
means of three balls which provide the actual 
points of supports, and which rest in the usual 
hole slot and plane. One vertical side of the 
girder is provided with two horizontal guide- 
rails, to which the microscopes are fixed, and 
along which they may he moved as desired. 
The microscopes can be fixed at any desired 
distance apart between the minimum 01 
metre and the maximum 1-25 metre, and a 
scale fixed to the slide facilitates the operation 
of setting them at the required distance apart. 
Each microscope is fitted with all the necessary 
adjustments, and illumination is provided by 
small electric glow lamps placed near the 
objective, the current being fed through two 
special horizontal insulated rods attached to 
the girder, contact being made with these by 
means of brushes attached to the microscope 
slide. The microscopes are fitted with object¬ 
ives giving magnifications of GO and 100 
diameters. 

One of the tanks is fitted with two troughs, 
the inner one being fitted up in the usual 
manner for receiving two standards or scales, 
and provided with the usual adjustments in 
three azimuths. Provision is made for the 
thermometers, and for stirrers worked by a 
small outside motor. This is the tank used 
for ordinary comparisons of length and for the 
determination of coefficients of expansion 
((a) and (6) above). * 

The other tank is a single one and contains 
one girder only with its adjusting gear. In 
conjunction with the other tank, it is used 
for the determination of absolute coefficients 
of expansion ((c) above). 

Hoth tanks will, as already gathered, 
accommodate specimens up to 1-25 metre 
in length. Placed with a sufficient distance 
l>etwcen them, they arc carried on special 
cast-iron supports, which arc bolted to a 
cast-iron frame which rests on four rollers. 
These rollers can be moved along two rails 
on the main bed underneath, one rail being 
an inverted V shape in section, the other 
being flat, the wheels being shaped to fit 
accordingly. Side play in the wheels is 
eliminated. The frame or truck, and there¬ 
fore the tanks, can be moved to and fro under 
the microscopes by means of a special screw 
working in a nut attached to the truck, power 
for the purpose being supplied by a small 
electric motor. This provides for great dis¬ 
placements, but fine adjustments can be made 
by means of two small fly-wheels set in motion 
by hand and rotating the nut only. 

The single tank can be removed and re¬ 
placed by a light but rigid cast-iron bed, on 
which can slide longitudinally a plate pro¬ 
vided with various adjustments* and with 
supports for a bar haying^ftny length up to 


l-l metre. Two small plates are also provided 
for use with two small scales, and each has 
its own vertical adjustment so that any 
difference in the thickness of the scales may 
be allowed for when bringing their graduated 
surfaces into the same plane. The sliding 
movement is made by means of a rack and 
pinion actuated by a hand wheel which is 
provided with a tangent screw for fine adjust¬ 
ments. A wooden cover protects scales and 
bed agaiivst temperature changes. This portion 
of the apparatus is used for calibrating scales 
and for comparing short scales ((</) and (e) 
above), and Fig. 12 shows it in position with 
the cover removed. 

The observer, when using any portion of 
the apparatus, stands on a movable platform 
which follows the movement of the truck. 
This platform surrounds the double tank, 
and enables the observer to place himself 
either between the tanks for reading on cither 
of them, or on the outer side of the double tank. 

§ (7) Four - metre Comparators. — The 
four-metre standard, as mentioned elsewhere, 1 
provides the link between the ultimate standard 
length, the metre, and the longer standards 
in the form of tapes and wires, and it is neces¬ 
sary, therefore, to provide a special comparator 
in which the four-metre standard may he com¬ 
pared with the metre standard. Such a com¬ 
parator is only a large edition of the smaller 
variety, and is manipulated in the same way. 

(i.) The N.P./j. Four - metre Comparator 
{Fig. 13) is constructed on the same principle 
as the one-metro comparator. The douhlo 
tank is provided with two girders supported 
at the ends, and capable of adjustments in 
three azimuths. It is supported at either end 
on two concrete pillars, and is moved to and 
fro on four wheels, two at each end, each pair 
running in a V groove in a plate attached to 
the concrete block. The bed for the micro* 
i scope supports rests on .a concrete block, just 
| over twelve feet long, and placed immediately 
behind the tank. There arc five microscopes 
for viewing the five lines defining the metro 
lengths on the four-metre bar. Illumination, 
etc., are as in the N.P.Ij. one-metre comparator. 
An electric motor under the tank works two 
rotary pumps, which circulate separately the 
water in the two tanks. 

Method. —In order to carry out the compari¬ 
son, the longer standard is placed on one of 
the girders, with its supporting rollers at the 
Airy points. The metre standard, also 
supported at its Airy points, is placed on the 
other girder opposite one of the metre lengths 
of the longer standard, say the first. These 
two-metre lengths are then compared in 
precisely the same way as two similar lengths 
in the one-metre comparator. The metro bar 
is then turned end to end and the comparison 
1 “ Line Standards,” § (3). . 
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repeated. Next, tho shorter bar is moved until 
it is opposite the second metre length of the 
longer standard, and two comparisons again 


Fio. 13.—The Four-metre Comparator of the National Physical Laboratory. 


made. The process is then repeated with the 
third and fourth lengths. The next step 
consists in turning the longer bar end to end, 
and obtaining further pairs of observations on 
the metre length. 

After this the bars are exchanged on their* 
girders, and similar sets of observations made. 

Thus each metre length of the four-metre 
standard is compared eight times with the 
metre standard. When all the results have 
been corrected to the same temperature—and 
this correction is almost negligible for bars 
of the same material—the mean of each < ight 
sots can he found. Then the sum of the four 
romilts will give the total error of the four- 
metre length, the accuracy of the determina¬ 
tion •being probably equal to that obtaining 
with tho known length of the metre standard, 
against which it has been compared. 

(ii.) Coefficients of Expansion .—The N.P.L. 
four-metro comparator can of course be used 
for determining coefficients of expansion of 
standards or materials that cannot be accom¬ 
modated in a one-metre comparator, a com¬ 
parative method being nocessarily employed. 

§ (8) The Four-metre Comparator op 
the Indian Geodetic Survey.-- Just previous 
to the commencement of the great war, the 
Indian Government considered the question 
of bringing the equipment of the Geodetic 
Survey up to date, and with the assistance of 
Sir David Gill (who was appointed consulting 


engineer), the N.P.L., and the International 
Bureau, it w'as decided to acquire a sot of 
invar tapes and wires, and, for checking these 
periodically, a number of four-metre standards. 
This necessitated the provision also of a 24- 
metre bitse and a four-metre comparator. 

This four-metre comparator is illustrated 
in Fig. 14, and embodies 
many features due to tho 
late Sir David Gill. It 
is primarily intended for 
the determination of the 
lengths of the four-metre 
standards against pre¬ 
determined one - metre 
standards, but of course 
can be used also for the 
comparison of any two 
similar lengths up to four 
metres, and for the deter¬ 
mination of coefficients of 
expansion, either abso¬ 
lutely using both tanks, 
or comparatively using 
one tank only. Tho way 
in which the apparatus is 
manipulated and the 
manner of taking observa¬ 
tions have already been 
described in connection 
with other comparators, 
and it only remains hero to give some account 
of construction and working. 

The construction of the comparator was 
entrusted to the Cambridge Scientific Instru¬ 
ment Co., and was set up and tested at the 
India Office Store in London before being 
despatched to India. 

The microscopes MM are carried on a cast- 
iron box-girder or bridge G, which is supported 
at its ends by two masonry pillars. The 
girder is well lagged and filled with water, 
which by convection and its high specific heat 
tends to maintain the girder at a uniform 
and constant temperature, and therefore 
reducing to a minimum any change in the 
leqgth of the girder and in the distance 
between the microscopes. In order to prevent 
strains due to temperature, the girder is 
mounted on three Hoffman balls, two at one 
end K, and one at the other end L. Of those 
at K, one rests between two coned seatings 
and the other between two parallel plates,' 
while the tyvll at L rests in two parallel 
opposing V grooves. Along the upper and 
lower edges of one long vertical side of the 
girder are blunt V-section-shaped guide-rails 
to which may he clamped, and along which 
may he moved, the two microscope carriers. 
The latter are made of cast-iron, are roughly 
triangular in shape with the apex downwards, 
and are provided at the comers of the triangle 
with “ claws ” for engaging with tho guide- 
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rails, the bottom one being provided with a 
clamp. The two Zeiss micrometer micro¬ 
scopes arc arranged to give magnifications of 
If) or 25, and arc provided with adjust¬ 
ments for setting them vortical, parallel, and 
at the same height. Illuminat ion is secured 
by either a small glow-lamp near to tho micro¬ 
scope in each case and used only in the pre¬ 
liminary observations, or by a distant source of 
light, used when observations are made. The 
microscopes can be set apart at any distance 
varying between 17 metre and 4 metres. 

On rails S below the bridge is the carriage 
C for the tanks A and B and their various 


—that is, it consists of an outer and inner 
trough, A., and A t respectively—and is fitted 
to accommodate two standards. The other 
tank B is a single one, and can accommodate 
one bar only at a time. The troughs of both 
tanks are made of copper, and each tank is 
lagged with felt and teak boards. The inner 
tank is supported at the Airy points of tho 
four-metre bar. The gun-metal girders of both 
tanks are of I section, and are supported at 
the Airy joints by moans of gun-metal saddles, 
which are'provided with means of adjustment 
so that the girders may be given slight move¬ 
ments, up and down, to and fro, and longi- 



FiG. 11. -The Four-metre Comparator of the Indian fJeonotio Survey. 
(Made by the Cambridge SeimtiHe Instrument Co.) 


accessories. The rails are about 41 feet apart, 
one of them, acting as a guide rail, is bevelled 
along its top, while the other is flat-topped, 
the two wheels working on the former being 
flanged, and the two working on the latter 
being barrel-shaped. The carriage—a frame¬ 
work of girders and tie-rods -is traversed 
under the bridge and microscopes by means 
of a square-threaded screw-shaft, centrally 
placed between the rails. This screw moves 
in a block coupled to the carriage, and is 
worked either by hand or by means of a 
^-horse-power motor. The carriage, when 
near the end of its run in either direction, 
comes into contact with and operates a tumbler 
switch, thus cutting off the current of the 
motor and preventing any over-running of the 
carriage. 

Of the two tanks provided, one A is double 


tudinally. These adjustments are operated 
by hand by means of vertical spindles which 
project through the covers of the tanks. The 
covers, five in number for each lanky are 
slotted longitudinally for viewing the bar or 
the thermometers, and also transversely at 
metre intervals corresponding to the metre 
intervals of a 4 - metre bar. Attached to 
each girder at intervals are crutches for 
supporting the mercury thermometers. Each 
trough is filled with water, the bars in the 
troughs A and B being thereby totally 
immersed. Each has its own system of 
circulating the water by means of rotary 
pumps driven by motors. The water, drawn 
out by one pipe, passes through the pump 
and is returned to the trough by another pipe, 
the whole of tho water being completely 
circulated every H minute, and equalisation 
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of temperature thereby maintained. The 
three pumps and motors are carried oti a 
platform placed between the two tanks. 

Placed in the water circuit of the outer tank 
are an electric heater for raising the tempera¬ 
ture of the water, and a thermostat R for 
maintaining it at any desired temperature, 
both being carried on the platform between 
the tanks. The electric heater consists of eight 
heating coils, carried in seven narrow lint 
pockets placed vertically, and comm mieating 
with a common chamber at the top, two of the. 
heaters being in one pocket. Pockets and 
chamber are filled with oil. The whole is in 
a box, and the water is made to circulate 
through the box and past the pockets, baflle 
plates fixed between the pockets helping to 
direct the flow and bring the water into 
intimate contact with the heating units. Of 
the two heaters in one pocket, one is connected 
with the thermostat, the other one, together 
with the remaining six, is connected with the 
100-volt circuit, and any or all of them can 
be put into service by means of switches on 
the lid of the box. The the rmostat consists 
of a number of tubes, connected with a short 
length of glass capillary tube projecting 
through the lid of the thermostat, and the 
whole filled with mercury, thus forming a 
thermometer ‘ bull).” The capillary tube 
ends in a short open-ended funnel. Just above 
the mercury surface is a platinum needle, the 
distance of whose free end from the to]) 
surface of the mercury can bo controlled by 
a micrometer screw. The height of the 
mercury surface is also adjustable by another 
micrometer screw working on the diaphragm* 
of a ceil connected with the thermometer bulb. 

To raise the temperature of the water, most 
or all of the heaters are put into action until 
the desired temperature is nearly attained. 
Certain of the coils are then cut out, leaving 
in operation, in addition to the thermostat 
coil, only those necessary to compensate 
nearly, but not quite* for the loss of heat 
duo to radiation. The thermostat coil more 
than makes up any loss of heat, and the 
temperature continues to rise until the rising 
mercury column meets the platinum wire 
(the distance between them having been 
previously adjusted) and so closes a circuit 
containing a battery which operates a relay 
F, which, in its turn, cuts off the thermostat 
coil. The temperature then falls slightly until 
contact between the mercury and platinum 
is broken and the thermostat coil again called 
into action. This cycle of operations is 
repeated so long as it is required, and by its 
means any temperature can be maintained to 
about 0 01° ('. for an indefinite ]>eriod. 

If it is desired to reduce the temperature of 
the water, it may be circulated through a 
cooling tank, and back through the heater 


and thermostat (both out of aqtion, of course) 
to the trough. 

The microscopes for reading the thermo¬ 
meters are of two types. One is of the ordinary 
kind, mounted on a tripod, and calls for no 
further comment. The other kind is designed 
to overcome ••the difficulty of reading the 
temperature when the tank containing the 
thermometer is underneath the bridge, and 
when the ordinary type cannot obviously be 
used. The microscopes arc therefore bent, as 
the diagram indicates ( Fig. lf>), the path of a 
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vertical ray of light through the objective 0 
being twice deflected at right angles by two 
total reflection prisms into the eyepiece R 
To balance the weight of this horizontal arm 
a counterpoise ( ' is added. 

In order to eliminate the effect, of surface 
disturbances of the water, the apparatus is 
provided with immersion glasses which consist 
of a piece of plain glass set at the bottom end 
of a*short brass tube carried by a small stand 
with three studs or feet. When in use the 
immersion glass is placed in the opening of 
the tank over the graduation line, the three 
feet resting on the tank-cover, and the glass 
below the surface of the water. (See sketch. 
Fit/. HI.) To prevent the possibility of dust 


Tank 




—Glass —— — 

I'm. 10 . 


and air-hubbies adhering to the glass if the 
device is placed directly in the water, a 
special holder in the form of a saucer with a 
bent, handle is provided. The saucer is filled 
with clean water, and the immersion glass 
carefully plaetd in it. The two together are 
placed in the water, and when the immersion 
glass is seated in its place the holder is with¬ 
drawn. The use of such an immersion glass 
will give good results only when the glass has 
flat and parallel surfaces, and is placed in the 
water horizontally, thereby preventing any 
relative, displacement of the image of the line. 1 

1 Hoe Knyineering , Aug. 20 and 27, 1015, c. 179, 
209. 




• 250' ' COMPARATORS 


§(9) Longitudinal or Subdividing Com¬ 
parator. —(i.) This apparatus, as its name 
implies, is used mainly for examining the 
lengths of the subdivisions of a standard or 
scale, and so obtaining the amount by which 
each deviates from its nominal length. It is 
so designed that nominally equal subdivisions 
of a standard or scale may l>c compared one 
with another with great facility, and then 
with the help of the over-all length of the scale, 
which has been obtained by means of one of 
•the transverse comparators already described, 
their individual lengths may be determined. 
In other words, a calibration of the scale is 
obtained, and provides therefore a selection 
of shorter standards that may be used for the 
direct measurement of corresponding lengths 
on other scales. 

The comparator can also bo used for the 
comparison of a bar of unknown length with 


to indicate the general features of such an 
apparatus. 

This comparator (Fig. 17), in common with 
others of the type, is simple in both construc¬ 
tion and manipulation. It consists essentially 
of a main bed, a carriage which can be moved 
along the bed, and two microscopes suitably 
mounted on another bed for observing the 
lines. The whole is supported on three 
concrete blocks which rest on the bottom of 
a brick-lined pit, and which are isolated from 
the walls -of the latter by an air-space. Two 
of the blocks, about 18 in. x 12 in. square hori¬ 
zontal section, are set about four feet apart, 
and serve to support securely the ends of the 
main bed which stretches from one to the 
other. The other block of rectangular hori¬ 
zontal section, about 4 ft. x 1 ft., is situated 
between these, and so that it is immediately 
behind the bed. It carries on its upper surface, 



one whose length is known, provided the 
apparatus will accommodate the two placed 
end to end, and it becomes the essential 
instrument for this purpose when. the two 
lengths are too short for observation in a 
transverse, comparator. It will be realised 
that with the latter apparatus a certain 
minimum observable length is imposed noon 
it by the limiting relative positions of the 
microscopes when, by reason of the space 
they and their supports occupy, they cannot 
be brought any closer together. This minimum 
distance is usually about one decimetre, i.e. 
about four inches, and hence the necessity 
for employing other means for determining 
lengths shorter than this. The same limita¬ 
tion of distance exists of course between the 
microscopes of the subdividing comparator, 
and it will be made clear in what follows how 
the latter overcomes the apparent difficulty 
of dealing with the shorter lengths. 

(ii.) N. P. L. Subdividing Comparator. 
Description. — A brief description of the 
comparator in use at the N.P.L. will suffice 


which is sufficiently elevated for the purpose, 
the bed for the microscope mountings. Tho 
main bed, about ,8} ft. long and 4 in. wide, 
is made of cast-iron, and is of sufficiently 
stout construction to support the coni para- ’ 
tivelv light carriage, which can slide along 
the V and plane of the bed, the, direction of 
motion being parallel to the length of -the 
bed, and hence the. term longitudinal in 
contradistinction to that of the transverse 
type of comparator previously referred to. 
The carriage consists of a flat iron plate, about 
5 ft. long and 6 in. wide, to the end of which 
are bolted cast-iron uprights to which are 
secured the supports or steps for the single 
girder employed for carrying the scale or 
scales to be observed. This girder is supplied 
with adjustments similar to those on other > 
comparators, and is also provided with the - 
usual rollers, which can be fixed at the Airy 
points of a scale. The girder and supports . 
are enclosed in a wooden box of which the 
iron plate forms the base. The lid is made 
in two pieces which, when in place, leave * ;•# 
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slot through which the whole scale can be 
viewed; but in use the slot is usually covered 
with a series of small blocks of wood which can 
readily ho moved so as to permit of any line 
l>eing viewed without exposing the whole 
scale. The underneath side of the carriage 
is provided with a rack which, with a pinion 
working in it, and connected to a hand wheel 
in front, provides ‘means of traversing the 
carriage*, to and fro. The microscopes are the 
same type as those used on the N.P.fj. trans¬ 
verse comparator, are mounted in *the same 
manner, and are provided with the same 
system of illumination. A thermometer 
placed inside the box completes the equipment. 

§ (10) The Longitudinal Comparator, 
illustrated in Fig. 18, 1 at the Bureau Inter¬ 
national lies Poids et Mesures, was designed 
by MM. Benoit and Cuillaumo expressly 


microscopes, which can be fixed in position 
by means of binding screws. The microscopes 
are so mounted that they can he adjusted 
easily in three azimuths, and are illuminated 
in the usual way. ^ 

The cariiagc supports a plate, mounted on 
three adjusting screws for levelling purposes, 
a«d this again, when necessary, supports two 
smaller plates, each adjustable, in the same 
way. The smaller plates are specially adapted 
for supporting decimetre standards. 

The trough is provided with a suitable 
sectional cover, which is placed in position 
when the apparatus is set up and ready for 
use, in order to assist in obtaining a uniform 
and steady temperature inside the trough. 

As compared with the N.F.L. comparator 
described above, this apparatus is limited in 
use owing to the limited displacement of the 



Fig. 18.—The Longitudinal or Subdividing Comparator at the Bureau International dcs I’oids et Mesures, 
(Made by MM. Bariquand et Alarre.) 


for the purpose of comparing standard 
decimetre scales. It coitsists of a cast- 
steel base in the form of a trough supported 
by three adjusting screws. Its intefnal 
dimensions are 1*2 m. x -2.3 in. In the bottom 
of the trough is a V and plane bed supporting 
a carriage (15 cm. long which can slide along 
the bed, and to which motion is imparted 
by means of a rack attached to the near 
side of the carriage, and a pinion worked by 
a hand wheel in front of anil outside the 
trough. This wheel is graduated along its 
outside edge into 100 parts, which, as the 
wheel is turned, indicate the number of 
millimetres through which the carriage is 
moved. Fine adjustments of the carriage are 
obtained by a long lever which can be clamped 
to the pinion spindle by means of a screw, 
but which otherwise is left free and out of 
action. 

Resting on two thick strips of nickel placed 
along the top edges of the trough are two 
* Trav. et Mlm. B.I.P.M. xili. K. 


callage, but its utility can be increased by 
the addition of sheet-iron extensions at each 
end of the trough, whereby the latter is 
lengthened 32 cm. each way. 

$ (11) Calibration of Scale. — (i.) The 
complete calibration of a scale is usually 
carried out in a number of successive stages, 
involving a corresponding number of suc¬ 
cessive subdivisions. This is best understood 
by considering actual cases, as, for example, 
the calibrations of the t arious subdivisions 
of a metre scale or of a yard scale. 

In the caso of a metre scale it is usual to 
commence *>? (n) calibrating the decimetre 
divisions, and this is done by comparing each 
one with all the others in as many ways as 
possible. Since the microscopes can be placed 
one decimetre apart, the method of carrying 
this out is analogous to that of intercom paring 
the same number of line standards in the 
transverso comparator, as will presently be 
clear. The second step consists in (6) cali¬ 
brating the centimetres, and since the micro- 
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scopes cannot in this case bo placed so close i 
together as to bo only one centimetre apart, 
a modified method, differing from that fol¬ 
ia), is employed in carrying out the com¬ 
parison. It consists, briefly, in comparing the 
centimetres in any one decimetre division 
with the centimetres in another, but not 
adjacent, decimetre division, and obviously 
five such pairs of decimetres in all can be 
dealt with in this way. The method of doing 
this is explained below. The third step 
consists in (c) calibrating the millimetres in 
each centimetre length by a method similar 
to that for (/>). If the scale is further sub¬ 
divided, the process can of course be continued. 

In a similar manner a yard scale can be 
dealt with in stages, such as (a) divisions each 
0 in. long, (b) inch divisions, (r-) tenths of an 
inch divisions, etc. Alternatively, (n) divisions 
each 9 in. long, (/>) inch divisions, (c) tenths 
of an inch, etc. Other ways of arranging the 
steps will suggest themselves: 

In the ease of lengths other than yards or I 
metres, similar stages of calibration can be j 
devised, each varying according to the nature j 
and extent of the subdivisions and of the* 
calibration required. In most cases, where 
the scale is long enough, the first step (a) 
usually involves subdivisions, each not less 
than the minimum possible distance between 
the microscopes. Successive stages include 
lengths shorter than this. Further, it is 
better to limit the number of subdivisions 
compared at any one time to not more than 
ten. A larger number may be taken, but an 
increase in the number always involves a much 
greater increase in the amount of observations 
to be taken, the latter being always as the 
square of the number of divisions. 

(ii.) Method .—The method of using the 
N.l\ L. subdividing comparator for deter¬ 
mining the calibration of a scale is explained 
in the following paragraphs, the actual ex¬ 
ample taken being the calibration of a metre 
scale into (a) decimetres, (6) centimetres, (<:) 
millimetres. 

(a) Decimetres .—The scale is placed in 
position on the girder of the comparator, 
with the supporting rollers as usual at the 
Airy points, and with, say, the zero end of 
the scale towards the left of the observer. 
The microscopes, previously adjusted for 
height, etc., are next fixed so that their axes 
are approximately one decimetre apart. This 
can be done by viewing the defining lines of 
one of the decimetres, and adjusting the 
microscopes until the lines both appear in 
the centres of the fields of view. The carriage 
is moved so that the first decimetre of the 
scale is in correct position beneath the micro¬ 
scopes (the various adjustments for this and 
subsequent settings being exactly the same as 
those in connection with the N.P.L. transverse 


comparator), with the lines in the centres of 
the fields of view. The cross-wires are set 
on the lines in the usual way and the readings 
noted. The carriage is next moved to the 
left, so that the second decimetre is in position 
beneath the microscopes, and the left-hand 
line so arranged that the reading in the micro¬ 
scope is, as nearly as possible, the same as 
that given by it when observing the first 
decimetre. The right-hand microscope then 
gives a fending differing by only a few microns 
from its "previous one. Having taken read¬ 
ings and noted them, the third decimetre is 
observed in like manner, and so on up to the 
last decimetre. 

The series of readings is now repeated in 
the reverse order (the end to end position of 
the scale remaining unchanged), thus giving 
two readings on each interval. 

From the readings taken in the manner 
just described, the differences between suc¬ 
cessive intervals are readily found, that is, 
the difference between the first anti the second, 
the second and the third, etc., nine in all. 

The precaution, whereby approximately the 
same readings are obtained with each setting 
<if the microscopes, is a very necessary one, 
since it ensures that only a very small portion 
j of (he run, merely a small fraction of a turn, 
of the micrometer screw is used, and that, in 
consequence, the error introduced by the 
screw is entirely negligible. 

These results are independent of the tem¬ 
perature (assumed steady) at which the obser¬ 
vations arc made, as a little thought will 
clearly show. Tim material on which the 
scale is ruled is homogeneous, and hence ex¬ 
pands uniformly throughout, its length. The 
difference between two successive nominally 
1 equal lengths is as a rule only a matter of a 
| few microns, and consequently this difference 
! is not measurably altered by any expansion 
‘>r contraction of the scale. If, however, the 
| temperature alters during the short time 
elapsing between the measurement of two 
successive intervals, an error may be intro- 
i duced into the subsequently obtained dilfer- 
j cnee, and if this change of temperature is 
continuous over a whole series of readings 
the error becomes cumulative. In practice 
it is found that the occurrence of such a 
change of temperature can rarely Ik*, avoided, 
but as the rate of change is as a rule slow- and 
quite steady, the error can be eliminated by 
taking readings in both directions of the scale 
as already indicated. A skilled observer, how¬ 
ever, runs little risk in this way, as he will 
take the whole of the readings in the course of 
a few minutes. Moreover, if there is likely 
to be a rapid change of temperature, he will 
postpone his observations to a more favourable 
opportunity. 

Having compared the decimetres singly. 
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the next step is to alter the positions of the 
microscopes so that they are now two deci¬ 
metres apart, and to take readings on every 
such interval, following the same order as 
with the single decimetre intervals, and 
observing the same precautions. The iirst 
interval so observed involves the first and 
second decimetres, while the second interval 
involves the second and third decimetres. 
The second decimetre being common to both 
intervals, the difference between the Intervals 
therefore gives the difference between the lirst 
decimetre and the third decimetre. Dealing 
with all the successive intervals in this way, 
we thus get a series of comparisons, or differ¬ 
ences, between alternate decimetres, the first 
and third, th# second and fourth, etc., there 
being eight in all. 

Similarly, with the microscopes set three 
decimetres apart, the difference between the 
first and fourth, the second and fifth, etc., 
may be found, seven in all, and obviously 
the process can be repeated until the micro¬ 
scopes are nine decimetres apart-, when the 
difference between the first and last deci¬ 
metres is obtained. 

Finally, the. scale may be reversed on the 
girder of the comparator, and the whole of 
the observations repeated. The results ob¬ 
tained will be opposite in sign to those pre¬ 
viously found, but otherwise should approxi¬ 
mately agree. The mean of the two sets will 
obviously be taken. 

The whole proeess thus described results in the 
complete intercom pa risen of the decimetres, each 
one in turn with all the other:;. This is entirely , 
analogm. 4 to the complete intercomparison of ten 
standard lengt hs (see § (1) (iv.)), and the likeness goes 
further in that the final values of the decimetre 
intervals, or rather the amounts by which they 
differ from exact tenths of the nominal metre length, 
are computed in precisely the same way by means 
of a square. Such a square iH shown in Fig. It), the 
entries being the results of observations made*in 
exactly the manner just described, on an invar Fu¬ 
at the N.P.L. The square is interpreted in exactly i 
the same way as Fig. (>, c.g. interval 1/2 - interval 
5/t}» |*T»-22 /x, or second decimetre-sixth deci¬ 
metre-to-22 fi. The various differences should 
be readily identified; for example, the nine results 
given in the small squares adjacent to and to the 
left of the diagonal line are the differences found 
with the microscopes one decimetre apart; the next 
diagonal line of results to the left of this gives the 
differences obtained with the microscopes two 
decimet res apart; while the bottom left-hand corner 
gives the difference between the first and last deci¬ 
metres. The results are repeated in the other half 
of the stpiure to the right of the diagonal, hut with 
the signs changed. All entries having been made 
in the square, each column is added, and the sums 
entered at the bottom. The sum of these totals 
should be zero. Kach total is now divided by ten, 
the number of decimetre intervals, giving the means 
M as shown. The results taken in ordor are the 


errors of the respective decimetres as indicated at the 
heads of the columns of the square. 

In the calibration thus obtained, the over-all 
lengths of the scale (that is, the metre length) has been 
taken as the unit of measurement; or, expressed other¬ 
wise, th- 1 . 'er-all length has been taken “as correct,” 
that is, F.ving no end errors, but it is obvious that, 
although the over-all length may lie exactly one 
m?tre at a particular temperature, it cannot be so 
at any other temperature, and in considering the 
absolute length of a subdivision this over-all error 
must be taken into account.. Suppose x microtis 
is this over-all error at a certain temperature T, or, 
in other words, let the equation to scale be 

ovcr-all length =1 metre ) r microns. 

If the scale were correctly divided, each nominal 
decimetre length w ould be metre-) j*/ 10 microns. 
Hence, in order to express correctly the absolute 
length of each decimetre at a temperature T, it. is 
necessary to add ay 10 microns to the error of each 
decimetre, x may of eourso he positive or negative. 
More generally, if </,, d 2 , . . . d 10 he the errors ot 
the decimetres taken in* order, on the. assumption' 
that the. over-all length of the metre is correct, then 
the absolute errors of the lengths of the decimetres 
at temperature T are 


Further remarks on this will be found in section (iii.) 
('/*'••). 

{(>) Centimetres .—The method of dealing 
witlt # intervals shorter t han one decimet re, 
that is, shorter than the minimum possible 
distance apart of the microscopes, is de¬ 
scribed below'. 

Knell decimetre is subdivided into ten 
’ centimetres, thus forming ten groups of 
centimetres. To commence with, two non- 
ad jaccnt groups are selected, and the centi¬ 
metres of one compared with the centimetres 
of *hc other. This done, other pairs of 
groups may be dealt with similarly. The 
choice of the most suitable pair to commence 
with depends on this extent to which the 
calibration is to be carried and the purpose 
for which it is required. If the calibration is 
not To be carried farther than the centimetres, 
that is, if lengths involving only exact multiples 
of a centimetre are required, then it is not 
necessary to calibrate the whole of the centi¬ 
metres ; it will bo sufficient to determine only 
those in the first and last decimetres. Hut 
if the calibration is to be carried as far as the 
millimetres, then it is necessary to determine 
most of the centimetres, though it is usually 
found convenient to determine all. In (he 
latter ease, the best way of selecting pairs of 
groups for comparison is to take the lirst 
with the sixth, the second with the seventh, 
and so on, finishing with the fifth and tenth. 
Subsequently, the calibration of the first ten 
and the last ten millimetres will then usually 
suffice for all purposes that are likely to arise ; 
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fractions of a millimetre can bo measured by 
means of a reading microscope. As an illus¬ 
tration of the method, the remarks which 
follow are confined to the consideration of 
the manner of comparing the first and last 
decimetres. 

The microscopes are first of all fixed at a distance 


3rd and 94th, ote., centimetres, nine in all. With 
the microscopes 92 cm. apart, a similar series of eight 
differences is obtained, and the process is repeated 
until the microscopes are 99 cm. apart, giving ono 
difference only, that between the 1st and the 100th 
centimetre. 

Next the microscopes are placed successively 89, 
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of 90 cm. apart, and reading* takdii successively on 
the intervals 0/90, 1/91, . . . 10/100, and also in the 
reverse direction, precisely jih with the observations 
on the decimetres, and with the same precautions. 
From the readings a series of differences is obtained, 
and a little thought will show that these are respect¬ 
ively the differences between the 1st and 91st, the 
2nd and 92nd, the 3rd and 93rd, etc., centimetres, 
ten in all. Next the microscopes are placed 91 cm. 
apart, and a further series obtained giving the differ¬ 
ence between the 1st and 92nd, the 2nd and 93rd, the 


88, 87, ... 81 cm. apart, and from the readings 
further differences are obtained. 

With the bar turned end to end, the whole of the 
foregoing observations may be repeated, if such a 
course is thought desirable or necessary. 

The results obtained, 100 in all, represent the 
comparison of each centimetre in turn of the first 
group with all the centimetres of the other group, 
and in order to find the errors of each centimetre 
in each group the hundred differences are entered 
in a square, as illustrated in Fig. 20. The entries 
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arc the rosults of observations on the same invar bar First, however, it will readily be seen that 

which is involved in Fig. 10. The square presents 10 100 

obvious points of difference from previous ones 2 ^_v s«lOfrfj-rf 10 ), 

considered. The columns and rows have different 1 91 

designations, the former representing the centimetres and that therefore 

in the first group, while the latter represents those 10 100 

of the last group. Also, each small square contains S M---2 / 10 ). . . (I) 

an independent entry, i.e. each entry occurs only 1 91 

oneo (ef. previous squares), and further, both columns 'iliat is, mini of means of columns «=sum of menus 
and rows are summed and moaned. The actual of rows—difference between the two decimetres. 
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-0-63 

-0-92 

- 0-54 
-0 80 

- 7-35 
-1-75 

4 2 84 
+ 2 42 

4 2-63 

+ 3 02 

4 1-82 

+ 2 05 

+ 0-48 

+ 0 60 

+ 0-57 

+ 0 50 

-0-24 

+ 0 07 

40-01 
+ 0-42 

+ 0 70 
+ 0-10 

-077 
- 1-17 

_ . 

4 0-12 
-0-47 

+ 0-27 

+ 045 

-0-60 
-0 GO 

4 0 72 
+ 0-87 

40-81 
+ 0-75 

40 00 

4 0 02 

- 0 18 
+ 0 02 

-0-0.9 
+ 0 22 

-0-90 

-1 07 

+ 7- Oo 

4 1-10 

+ 1-14 
+ 107 

4 0-33 
+ 0-17 

-on 

-0-35 

-0-02 

-0-27 

-0 83 
-0 40 

+ 0-82 

4 0-77 

+ 0-07 

4 0 35 

-0 20 

-0 02 

+ 4-46 

+ 5 39 

-2 70 

+ O-4S 0 

+0 53 0 

-0 27 0 

+ 0-19 7 

+0-29 0 

- 0-51,, 

% 

- + 1-56 

% 

+ 1-85 

°/,0 

=+1-33 


M2?| 1|'» 

. i II1 co -t «8 + I 


"%i %i 

T OO -0-70J-0-80, - +0-80 = + 3-61 


-0-56 -0-05 t) -0-15 / --1-72 =+1-00 
__ —— 

+ 0-51 +0-05, -0 05 --1-G7 - + 114 


| I / 98 -OQ 

■9-80 +0-98 + 0-87J--2-75 =+0-0G 


4-46 +0-44 i+0'34 r |=-2-81 — 0-00 


computation of the final results is a somewhat This result is important as it is required for some of 
complicated matter, and in order to understand the calculations. Further, 
how this is done it is necessary to consider more M r i ,/ 

generally the constitution of the squrre. 

Let <l v and d 10 be the errors of the first and tenth or # c l «M 1 -i \ 

decimetres, assuming the over-all error of the metre similarly c« M a L rV^io> ! {*) 

to be aero. Let c v c a . . . . c 10 , c 91 , . . . c 100 be ‘ . j‘ ‘ ‘ “ 

the errors of the centimetres as denoted by the ,, , . I 

numbers Hullixed to the letters. Then Cj I r a -f- . . . tin< rin 1 10 

_+c 10 =srf lf and e B1 + . . . Kioo^io- A square In liko manner 
(Fig. 21) can now ho built up similar to Fig. 20. M m — c 01 | ^<1 

In the explanation which follows, Figs. 20 and 21 (>r ^ m 91 -\ ^ (i d v A 

should be constantly compared in order to discover i I 

the significance of each entry. Tn Fig. 21 the an ^ "*» 2 +to"i» j. . (3] 

equations given in the rows and columns marked .... I 

sums and means will givo all the desired information, and r 100 — - M 100 I- ) 
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Equations (2) and (3) therefore give directly the 
required errors of the centimetres in the two groups. 
They involve, however, a knowledge of the individual 
errors of ii l and </ 10 , and these have l>een previously 
determined from an intercomparison of the deci¬ 
metres, such as is given by the square of Fig. 11). 
Further, a square such as Fig. 10 will also give the 
value of f/ t d i0 , which should agree with the value 
given by (I) above. 

Also, equations (2) and (3) are of assistance in 
determining the calculated '.due of the difference 
between any two centimetres; for example: 

c i -<, #i ~(^i 1 iVWio) “ ( -M w l iVfj) 

~-{Mj i-M 91 ) • d xo ), 1 
similarly I 

f 3‘' c #5~(^3 * M»&) A('Wio). ! 

and I • (^) 

c 9 ~ C 100 ' ^loo) ~ vof^l ~ ^lo)» I 

etc. J 

It will be noticed that there is a common term 


In calculating the actual errors of tin* centimetre's, 
the errors of d t and d l0 have been taken from the 
square of Fig. 10 on the assumption that the over-all 
length of the metre is correct (a correction for any 
error on tin* metre length can be applied afterwards), 
i.r. f/j - i 1 -33 ju, r/ 10 -2-81 /a. Applying equations 
(2) and (3) and using these values of d x and (/ 10 , the 
errors of the centimetre intervals are thus found. 
For example: 

0/1 = rj — Mj i t y/ 10 

< ~ -I-0-47 -f-t'o( — 2-81) -= -1-0*19 n, 

0 7 ---r 7 M 7 i ,V//,o 

— — 0 - 22-j y-'(,( — 2*81)-- — 

On 91 -r #l - M fll | 

- - (-0-70)+ Vo(h 1-33) = +0-83 [l, 
etc. 

'I'hcse results are subject to a small correction. If 
the errors of the centimetres in any one decimetre 
be added together, their sum should be equal to the 



°A 

~ V* ' 

2/o 

. . _ /3 .. _ 


%o 

Sums 

Means 

9 %1 

c .-c 0 , 

C 2-C 0 , 

C 3~ C 91 


^10” ^91 

s er- ,0C 9, +d l 

M 0i" C 0, + S d 1 

8, /92 

c r c o2 

C 2 _C 92 

C 3~ C 02 


C 10" C 92 

s 02 =-ioc 02 hi, 

M 02 r ”^92 + io d 1 

B2 / 03 

c,-c 03 

<V C =3 

C 3" C 93 


^lO" ^03 

S D3”- ,0 C 03 tl1 . 

M D3“" C 03 + io d l 

— 

--- 

— 

_ 



— 


— 

— 

— 

— 



— 


— 

— 

_ 

_ 



.. 


°°/too 

C -C 

1 100 

c -c 

2 lOO 

^3 _ ^10O 

. 

^io"^ioo 

s ,uo - |oc ,oo +d , 

w ioo'”^ioo + V6 d i 

Sums 

s, IOC, 3,0 

V 10 C i J i O 



s ,o ' 0C io d io 

10 (d,-d 10 ) 


Means 

c rio d io 

^2~Co"lI0 d 10 

M 3 C 3~13 d 10 


M 1cf C 10"4 d 10 


d i " d io 

Ho ( d i ” c, 10 ) 


x w t -f/| 0 ) to each of these equations, and fmther 
that the three terms on the right-hand side of (In¬ 
equations can all be read directly from the square. 
Fig. 21. 

Jin turning now to the square «»f Fig. 20; giving 
the results of actual observations, the above equations 
can lx- applied. Thus from (1) 

d x - rf 10 - +3-82/a, and ■\i,(d l »/ 10 ) - (0-38 2 /a. 

The value of d x d l0 obtained from the square of 
Fig. ID, giving the results of the intercomparison 
of the individual decimetres, is j 114 /x, differing 
oidy from the foregoing by 0 32 fi ; this is reasonable 
agreement. , 

Again, using equations (4), the calculated values 
can he obtained. For example: 

0/1-90/91 c 9x 

— i 0 47 0-70 - ( | 0*38)■ - - (Mil//, 

2/3- 94/95-r 3 -c w 

= I 0 83 + 0 05 ( i 0-38) — > 0-r.0/A. 

These? are inserted in their correct squares, and the 
residuals can then be found by simple subtraction. 


error of the decimetre itself. It is found, however, 
that there is usually a small difference, a residual 
error, between the two, and that a slight adjustment 
of t'.ie centimetre errors is nc-eessary. For example-, 
(he sum of the centimetre errors of the first ten 
centimetres {Fig. 20) is | 1-01 /x, while the error of 
the first decimetre, as given by Fig. 19, is -| 1-33 fx, 
a difference of i 0-32 fx , and the centimetre errors are 
adjusted by adding of the erro" to each of them, 
i.r. 0-03 2 /x. See Fig. 20 for final results. 

As with the decimetre calibration, it now remains 
to adjust these errors for any error on the over all 
length. As before, let x be the over-all error of the 
metre length at a temperature 1’ and fj, c 2 , etc., be 
the errors of the centimetres as found above. 'I hen 
the actual errors of the centimetres at temperature 
T arc -f £/J00, c 2 I r/100, . . . etc. Further re¬ 
marks o i this are given in section (iii.) (g.v.). 

{<•) Millimetre *.—The millimetres are cali¬ 
brated in exactly the same way as the centi¬ 
metres, that is, the millimetres Contained in 
any one centimetre are compared with the 
millimetres in any other centimetre. In 
choosing the millimetres, due regard must 
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tie of course paid in the distance between the 
microscopes. It is usual to choose the first 
and last centimetres. 

(iii) Final Form of Calibration.—The cali¬ 
bration derived by the method just described 
gives the actual length of each subdivision. 
It is. however, more convenient to convert the 
calibration into another form, which enables 
ono to road directly the error on the nominal 
distance of any one of the subdividing lines 
from the zero'lino. Take, for examnle, the 
errors on the decimetre, <7,, d s , . • • d 10 , oil 
the usual assumption that the metre length 
is correct. Let 0/1, 0/2, 0/3, etc., represent 
the distance of each decimetre subdividing 
line from the zero line, y v y 2 , ( V.i» etc., the 
errors of these lengths. 

Then, 


error of O/I — yr— 

* >» 0/2 —// 2 -- ill l 

„ 0/3--7/ ; ,-r/^ + 3 



j § (12) Measurement of Short Lengths.— 
Tn the introduction to the subdividing com¬ 
parator it was mentioned that the instrument 
was the essential one for the measurement or 
comparison of short scales or lengths which 
could not be determined otherwise. The 
scale to 1)0 measured is placed end to end with 
a kno vn ” scale, and both secured, without 
constraint, so that there is no relative move¬ 
ment of one with respect to the other during 
observations which are made on them. A 
calibrated yard or metre is the most con¬ 
venient known scale to employ, a suitable 
interval, nominally equal to the unknown 
scale, being chosen. The two lengths are then 
compared in exactly the same way as two 
decimetre lengths are compared, and the 
difference between them thus found, and 
conseque ntly fhu length of the unkm.wn Beale 
determined. 

It must be pointed out, however, that if 
the two scales compared are <>f different 
! material, that is, have different expansibilities, 


„ 0/10 —'//in — il\ + d z f . . . -H/io-J 

(since the error of the whole length is assumed 
zero). 

The convenience of this method of express¬ 
ing the calibration is that the error on the 
nominal distance between any two lines on 
the bar can be obtained by the simple sub¬ 
traction of two quantities taken from the 
calibration figures. For example, the live- 
decimetre. length 2/7 y 7 - as the equations 


it is necessary to know with accuracy the 
common temperature of the scales, and a 
correction applied accordingly. But if the 
two scales are of the same material and pro- 
j sumably, therefore, have* the same expansi¬ 
bility, an exact knowledge of the temperature 
is not necessary, since the* difference between 
the two lengths concerned will he constant 
! for all temperature's, but it is. obviously 
j important that they should be at the samo 
temperature. w. H. .1. 


(5) above readily show. 
Thus, the calibration 


the decimetres of 


the square of Fiy. 10 may be expressed in 
this manner, as given in the last line of the p 
square, the figures, of course, still not taking j 
into account the over-all length of the metre, j 

Other subdivisions, such as the centimetres, j 
can he expressed in like manner. 1 

(iv.) The. Constants of a Scale.- It is evident j 
from what has been said that the calibration , 
of a scale is completely determined at any j 
temperature T by a knowledge <>f: 

(а) The errors of the subdivisions, on the 
assumption that the over-all length is correct ; j 

(б) The error of the over-all length at a j 
stated temperature (0° 0. for the metric* scales, , 
and 02° I 1 ’, for scales of the British system). 

(r) The coefficient of expansion of the scale. | 

Of these “ constants ” (b) is sometimes j 
variable, as, for example, with an invar scale, j 
and it is on this account that (a) and ( b ) are 
always expressed separately. It has been seen 
in an earlier section that (b) must be measured 
from time to time to determine the extent of 
the change (if any), and hence it is always 
possible, from the* rate of change, to infer the 
value of (b) at any time. 

1 See Guillaume, “ LVtallonaRe dos (khcllcs 
divisecs/’ Trav. et ftlfm. xiii. K. 1 


Comparators for Testino Gauges. See 
‘‘ Gauges,” Se ction \ I. § (80), etc. 

Compasses, Proportional. See “ Draughting 
Devices,” ]). 202. 

( ’ow’Asses, Triangular. Sec “Draughting 
Devices,” p. 202. 

Compensated Meter for Specific Gravity 
Changes of the Gas. See “Meters for 
Measurement of Coal Gas and Air,’ § (3) (ii.). 

Computation of Results obtained by inter- 
comparison of a number of line-standards, 
method of. See “ Comparators,” §§ (1), (-1). 

Condensation, transference of heat by, in 
the atmosphere. See “ Radiation, § (3) 
(iv.). 

Conditioned Observations: a class of 
observations where all systems of values 
are not equally possible, owing to the 
existence of conditions which must bo 
exactly satisfied. See “ Observations, The 
Combination, of.” § (<>)• 

Combination of. See ibid. § (ff). 

Conduction, transfer of beat by, in the 
atmosphere. See “ Atmosphere, Physics 
of,” § (0). 
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Constants for Dry and ^Saturated Air. 
See “ Atmosphere, Thermodynamics of 
the,” § (2). 

Constants of a Soale. See “ Comparators,” 

§ (12) (iv.). 

Constraint, “ geometric ” and engineer¬ 
ing ” methods of, as used in mechanism. 
See “ Metrology,” § (34) (ii.). 

Method of locating three feet of tripod. See 
ibid. § (34) (ii.) (b). 

Use of balls and rollers in mechanism. See 
ibid. § (34) (iii.). 

Use of “ slippers ” in mechanism. See 
ibid. § (34) (ii.) (/>). 

Continents and Islands, different values 
for g for. See “ Gravity Survey,” § (14). 
Continuous Flow Water Meter. See 
“ Meters for Measurement of Liquids,” § (3). 
Contraction of Alcohol and Water 
Mixtures. See “ Aleoholomctry,” § (3). 
Convection, transference of heat by, in the 
atmosphere. See “ Radiation,” § (3) (iv.). j 
Convection in the Atmosphere : 

Absence of, in the stratosphere. See “ Atmo¬ 
sphere, Thcrmodynamios of the,” §§ (5), 

(m 

Causes of. See “ Atmosphere, Physics of,” 

S (22). 

Conditions for, in the atmosphere. See 
“ Atmosphere, Thermodynamics of the,” 

fif (5). (13)- ‘.j 

Cumulative, definition of. See ibid. $ (15) j 
d se<j. ■ j 

Effect on lapse-rate of temperature. See i 
“ Atmosphere, Physics of,” $ ((>). 

Frictional effect of. See “ Atmosphere, ! 

Thermodynamics of the,” § (17). 
Penetrative, definition of. See ibid. § (15) j 
et neq. 

Relation of, to the environment. See j 
ibid.$${U), (14). 

Relation of, to horizontal flow. Sec ibid. 

§(lfi). 

Convective Kquilihrium in the Atmosphere, 
definition of. See “ Atmosphere, Thermo¬ 
dynamics of the,” §§ ((>), (13). 

Conversion Factors, Imperial to Metric j 
Units: 

American. See “ Metrology,” § (15) (ii.). | 

British. See ibid. § (15) (i.). 

Corf, Diameter of Screw, definition. See i 
“ Metrology,” § (23) (i.). | 

Corona : a coloured ring or series of rings j 
surrounding the sun or moon. See j 
“ Meteorological Optics,” § (15) (i.). 
Correction Tables for Volumetric Glass¬ 
ware. The observed weight in gms. in 
air of a quantity of water is numerically 
not very different from its volume in cubic j 
centimetres. Hence simple tables of eorrec- j 
tions may be prepared which serve to con¬ 
vert observed weights in air into volumes. 
Sec “ Volume, Measurements of,” § (7). 


Correlation Coefficient as applied to 
Sunspots and Mean Temperature. See 
“ Radiation,” § (1). 

Cotidal Chart : a chart by means of which, 
in certain regions, the travel of the tidal 
wave along the coast may he studied. See 
“ Tides and Tide-prediction,” § (7). 

Cotidal Link. A line drawn through all the 
points on the surface of the sea at which the 
high water following full or change of moon 
occurs at the same hour of Greenwich 
time. * See “Tides and Tide-prediction,” 

§(7). 

Counter Machines. See article “ Weighing 
Machines,” § (3). 

“Creep” of Aneroid Barometer, Error 
due to : located in the vacuum-box and 
mathematically expressed by Horsey. See 
“ Barometers and Manometers,” § (13) (v.^. 

Chest of Screw Thread, definition. See 
“ Metrology,” § (23) (i.). 

Crystals, Ice, in the Atmosphere : 

Degrees of freedom of. See “ Meteorological 
Optics,” § (19). 

Forms of. See ibid. § (IS). 

Phenomena due to. See, ibid. §§ (17), (20), 

( 21 ), ( 22 ). 

Cubic Centimetre : the C.O.S. unit of 
volume. For t he relation between the cubic 
centimetre and the litre, see “ Volume, 
Measurements of,” $ (2h 

Cubic and other Equations. Graphical 
methods of solution. Seo “ Nomography,” 
§ ( 12 ). 

Cycle Engineers’ Standard Thread (C. E.I.). 
See “ Gauges,” § (52). 

Cycle of Operations for Atmospheric Atr. 
See “ Atmosphere, Thermodynamics of 
the,” § (24) and Fig. 17. 

'Efficiency of. Seo ibid. § (25). 

Work done in. Seo ibid. § (2(5). 

Cyclone. A cyclone or depression is a region 
in which the atmospheric pressure is lower 
than in the surrounding regions, in the 
northern hemisphere the winds blow round 
the depression in a conn J .?r-cloekwise direc¬ 
tion. At the approach of a depression the 
sky becomes overcast at first with fairly 
high cloud, which becomes lower and 
finally brings rain. The rain is very heavy 
in the north-east quadrant, but steady 
rain is usual in the south-east quadrant. 
The western portion of the depression is 
usually a region of detached cloud, with 
frequent showers. The passage of the 
trough line, or line drawn through the 
centre at right angles to the direction of 
motion, marks the lowest pressure attained 




CYCLOSTROPHIC WIND-DENSITY 


m 


at any particular point. Its pass»ge is 
accompanied by heavy squalls of rain, 
and a rapid ciiange of wind from S.W. to 
W, or N.W. The temjwratnre i# usually 
fairly high in tho front of tho depression, 
but with the passage of the trough line 
there is a rapid drop in temperature due 
to the arrival of a current of air from 
more northerly direction#. 

Accumulation of air in. Spc 44 Atmosphere, 
Thermodynamics of the,” $$ (15), (Id). 

Characteristic# of, Roe 4< Avmusphere, 
IdiyHics of,” ^ (IS), (20). 

Distribution of procure, temperature, and 
density, and height of tho tropopauso in. 

41 Atmosphere, Thermodynamics of 

IM" St (5), Table 111. 

Dial rihutioii nf realised entropy in. See 
ihitt. if ((i), Fitf. 10. 

Kinetic energy of. See ibid. §§ (!)), (2d). 

Persistence of. Sec 44 Atm nap here, Physics 


Rate of filliag up nf. Se© “ Atmosphere, 
Thermndynarnica uf the,” § (SC). 

Theories of. See 11 Atmosphere, Physic# 

&§ (is), (5fi)* 

Vertical ex tension nf. See 44 Atmosphere, 
Thermodynamic* o( the, § ("). 

Win l - velocity in. Sw 14 Atmosphere, 
Physic# of,” § (H). 

Cvri.ciOTRQPu in Win i>. If in equation# (1) and 
(2) of $ (!)), article “ Atmosphere. Physics 
of the,” the deviating force due In the 
earth's rotation is neglected, the gradient of 
pressure in balanced entirely by the centri¬ 
fugal force. Tbr wind velocity nwmiry 
to maintain thin balance in called ibo eyrln- 
strop hie wind. In very low latitudes the 
deviating force due hi the earth's rotation 
is negligible oil account of the MiuillncM 
of the factor sin 0. and the eye lost mpliir, 
wind is then tho liest approximation to the 
gradient wind. 

CvMiHUurir. Sec M Draughting Drain*, 11 |»- 

m 
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DaCTYLK (’aLCOLATORS. SuO “ lifting 
MaeiuurH,* 1 § ((>). 

Dalton's Law o> V aroint I’hkhsuuk, Si^ 
*' I (mmdit\«" I. 

Damkli.'s i>KW*i’«>rNT If viirom ktkr, See 
l> 1 hiitiidily,” IT. (1). 

Daiiwix-I! ill Miwimml Ah instrument for 
UHiimiirin.i; tin* direction of motion nml 
velocity of aircraft, eloudx, *hel 1- bnrata, cte. 
Noe i Mctcorologi; .tl IiiM( i-uiii(‘titK a K $j (3 r >), 

1>AY, PlVIfildN OK. tire “ Clocks and Tilllti- 
ktv pin"/' (j (Id), 

Day* Hm rural, wx Hlandard of lime. Sue 
** <-looks and Time-keepin*/’ $ (1). 

Devhity. The dmsity of any suhataruje is 
the masw of unit volume*, and is measured 
in jfi'iunnirH per cuT>i<s centimetre, or in 
pi minis per culim fin»t, Tim term spue i lie 
gravity is orca»ional!y used to denote tiji* 
density of a substance relative in Hull, of 
water. 

I fi.Ai.c. —1*3-43. 1>»>. ft. 

1 fi. - IlKillj 

(i.) Dr.njtittf of H'ntcr.—Water has it* 
maximum density at Ij SIS 1 l \ when pressure 
in 7tiO ir\m., at, other prwsurra Ihe tempera¬ 
ture of maximum density in given liv the 
formula - 308 - -l>22fjD> -1), when* p is 
measured in atinoftphuiCA, 1 
The density of pure water under one 
atnvsphere Tor different lr*nif>er.iliireH h iw 
folioVVA t 

1 Kay and La by, I'hyiitnl utid Chemical CfmtfntH*, 

1^18, p, !*3j. 


’fVrn|>Cc»l*ln 

job 

l>7:i 

277 

a# 

. 

kt:i , 


l>r 


i*itvjrJ«M 

-HDEI87 
J tN«Jt> 
awl* 
•HHH1 
•%Kl 


(ii.) Jk h# iff/ of mere till/ at l,lie mu trial 
fneo/.ing-jXiiut. o[ viator ff./r.e. 

{hi.) f)cHJ*Utj f *f ftry Air .—The density of 
dry nir varied with pressure and tvni|n’ia- 
ture according to (lie formula 

_ _E T, 

P ' /*»' J“ 

Kur dry air free from Cllj ftegiuiult 
obtained the value 121)2-78 ji.fin, 1 for 
p Q -?lil> mrn., T c -. 27’I, irhieji givrn 

p - ;I48-321,^. 

whcir f is measured m millibar*. The 
addition of <KW per vent (XL jiK'iWH I he 
Value of p 0 by <1-021 per cent., un i (he 
formula k’nimen 

9 - S48-SM*. 

i.e, p 1 '2jlI e. /m. 3 approximately at 1(KKJ 
in In and 200 a, or approximately -OHO# |h. 
per eulue foot at 3(1 inches and 32° Fahr. 

fiv.) Iknxity t>f Iktwp Air ,-■ Tliv density 
of damp air may tm obtained from the 
density of dry air by moans of the 
formula 

jfeiji-onso 

p m 
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whore p D is the density of. dry air, ! 

■p is the total pressure, 
e is the vapour pressure. 

Hence />-348-391 ? - ?^ >78< ! . 

See Vol. I., “ Measurement, Units of.” I 
Of dry air. See “ Atmosphere, Thermo- i 
dynamics of t he,” § (2). < 

Of water-vapour, distribution of, in the ; 

upper air. See ibid. § (5). 

Measurement of, in the upper air by Dobson's 
barothermograph. See “ Meteorological 
Instruments,” § (.*18). 

Numerical value of. See “ Atmosphere, 
Thermodynamics of the,” § (2), Table 1. 
Density of the Atmosphere : j 

Distribution of, in cyclones and anticyclones. | 
See “ Atmosphere, Thermodynamics of j 
the,” § (f>). Table III. 

Gradient of, in the upper air. Sec ibid. ! 

§ (8). i 

Relative effect «>f pressure and temperature 
on. See ibid. § (8). , 

Variation with height. See Atmosphere, 1 

Physics of,” § (7). 


Diagrams : forms of screw' thread for use with 
projection apparatus. See ” Gauges,” § (61)) 
(v.). 

Dial Surface Gauge. See “ Gauges/’ § (91). 

Diaphragm Meter. See “ Meters for 
Measurement of Goal Gas and Air,” § (4). 

Diffraction of Light in the Atmosphere : 
colours of the sky due to. See “ Meteoro¬ 
logical Optics,” § (12). 

Diffraction Phenomena in the Atmosphere 
(corona^, iridescent clouds, glories, etc.). Seo 
“ Meteorological Optics,” § (15). 

Diffusion. Theory of wet-bulb thermometer. 
See “ Humidity,” II. § (5) (i.). 

Diffusion of Heat by Eddy-motion. Sec 
“ Atmosphere, Physics of,” § (13). 

Dink’s Pressure-ttjbe Anemometer. See 
“ Meteorological Instruments,” § (20) (ii.). 

Discharge Coefficient: dependence on 
diameter of oriliee and head producing 
discharge. See “ Meters for Measurement 
of Coal Gas and Air,” § (4) (ii.). 

Displacement Distance Measurers. See 
Meters for Measurement of Liquids,” § (1). 


Density of a Gas, Determination of. See 
” Balances,” § (18). 

Density of a Liquid, Determination of. 

See ” Balances,” § (15). 

Density of a Solid, Determination of. 

See “ Balances,” § (16). 

Density of a Substance : a term used to 
denote the mass per unit volume of the 
substance. See “ Balances,” J? (14). 
Density of a Vapour, Determination of. 

See “ Balances,” § (19). 

Density Determinations: corrections lor 
the temperature of the water in which the 
weighing is made, tabulated. See ** Bal¬ 
ances,” § (16) (i.), Table I. 1 

Density Hydrometer. See “Hydro¬ 
meters,” §§ (4) and (7). 

Depression. See “ Atmosphere, Physics of,” 
§§ (18), (20). See also “ Cyclone.” 
Depression Range-finder, Range-finding 
by. See “ Trigonometrical Heights,” § (8). 
Descartes. Theory of the rainbow. See 
“ Meteorological Optics,” § (14). 

Dew-point : 

Definition of. See “ Humidity,” II. 
Determination of. See ibid. JI. § (1). 
Distribution of, over the northern hemi¬ 
sphere. Sec “ Atmosphere, Thermo¬ 
dynamics of the,” Fig. 5. 

Dew-point 1 f yurometers : 

Orova’s. See “ Humidity,” II. § (2). 
Danielfs. See ibid. II. § (1) et seq. 
Regnault’s. See ibid. 

Effect of wind on. Sec ibid. H. § (2). 
Theory of. See ibid. II. § (3). 


Displacement Methods of determining 
Volumes. See “ Volume, Measurements 

I of,” § (8). 

Distance Measurers. See “Draughting 
j Devices,” p. 263. 

I Dividing Engine for ruling Line Stand- 
j ards and Pine Scales: general description 
and method of use. See ” Line Standards,” 
§ ( 2 ). 

Double-tank Comparator: description and 
outline of method of using for determination 
of absolute coefficient of expansion. Sec 
! “ Comparators,” § (3). 

DRAUGHTING DEVICES 
Centkolinkad 

This is used for ruling radial lines in perspec¬ 
tive drawing to obviate the use of long straight 
edges, etc. By its use the centre of radiation, 

: or vanishing point as it is known in perspec- 
i tivo drawing, may be any distance outside the 
• drawing, but: the instrument when at work 
! requires no more space than is **cquired for the 
drawing. 

The instrument was invented by Peter 
Nicholson, and consists of a long straight edgo 
j to which are fitted two short arms at ono 
J end. The arms are fixed by milled set screws 
in quadrant slots cut in a metal plate attached 
to the end of the straight edge, and are 
arranged to clamp at any angle to each other 
and to the straight edge. The axis or centre 
of rotation of the quadrant is in line with the 
ruling edge of the straight edge. 

The centrolincad is guided in its radial 
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movement by two pins or studs, set in a 
position according to the distance of the 



vanishing point from the drawing. The 
method <>f use is as follows : 

The horizontal or normal line for the per¬ 
spective drawing is ruled, and perpendicular to 
il, at the extreme edge of the hoard, another 
line is drawn at either the left or right hand 
edge according to the assumed direction of the 
vanishing point. On the perpendicular, and 
equidistant on each side of the normal line, 
the studs or pins, are lixed a suitable distance 
apart. The cenlrolinead is now sot with 
the straight edge along the horizontal lino 


ever, instead of being straight, are arranged 
concentrically on dials at the front and back 
of the instrument, and are protected by glass 
discs mounted in a metal frame. The design 
of the instrument follows closely that of a 
watch, the size being approximately the same. 

The Boucher Calculator {Fig. 2) has a 
ntovable dial at the front, rotatable by the 
milled stem at the top, and a lixed dial at the 
back. 

The fine needle pointers, which are set in 
line back and front, are rotated bv the milled 
head at. the side. A fixed pointer is attached 
to the case, and extends over the four scales 
on the dials. 

Heading from the centre the scales on the 
front dial are as follows : 

The first and second concentric scales repre¬ 
sent square roots of the numbers on the third 
scale. The third scale is the ordinary log¬ 
arithmic scale. The fourth, or outer scale, is 
the sine, scale, and is marked with angles of 
, which the natural sines can be read olf on the 
I third scale. 

| The scales oil the back, reading from the 


and the short arms adjusted to 
touch the pins, and locked. The 
angle between the arms to suit 
the assumed distance of the vanish¬ 
ing point is found by trial, t.e. by 
moving the straight edge about, at 
the same time keeping the arms in 
contact with, and sliding against, 
the pins, and judging whether the 
angle of the lines drawn by tho 
straight, edge suit the perspective to 
be f'rawn. Should the vanishing 
point appear to be too near, the 
angle between t he short arms should 




be increased or vice wsv/. 

The figure shows the instrument 


Front. 


Fid. 2. 


Back. 


in use when the vanishing point is 
to the left-hand of the drawing. When i" use 
for a right-hand vanishing point the arms and 
the straight edge are disconnected, and the 
quadrant re-fixed with the reverse side up¬ 
wards. It is preferable, however, to have two 
inst ruments set as required. 

To adjust the instrument quickly and 
accurately is really a matter of experience. 

The angle for the setting of the arms may he 
found by calculation if the position of the 
vanishing point is definitely known and the j 
distance between the studs settled. 

A simple form of centrolinead can be made 
by forming the straight edgo and the arms ] 
in one piece, the adjustment in this case 
being obtained by the position of the guide 
pins. 

Circular Calculators 

In principle these instruments are similar to 
that of the flat slide rule. The scales, how- 


centre, are first, second, and third cube roots 
of numbers given on the third scale on the 
front dial, and are located by means of the 
rotating pointers. The outer ring is evenly 
divided and gives logarithms. 

The working of the calculator is similar in 
principle to the ordinary slide rule. It will be 
seen, however, that only one logarithmic scale 
is provided which does not move relatively to 
a fixed scale as in the case of the slide rule. 
The addition and subtraction of scales in this 
case is performed by fixing an arc length by 
the pointers, which represents the distance 
equivalent to a fixed scale, and adding or 
subtracting from this by the movable scale. 
For example, to multiply 2x4, the 2 on the 
ordinary log scale is set against the fixed 
pointer, and the movable pointer set to the 

1 of the scale, thus giving an arc length of 

2 between tho pointers. To complete the 
calculation we simply add a length 1 - 4 to 





262 


DRAUGHTING DEVICES 


* 


this, thus move the dial backwards until 4 is 
under the movable pointer, and read 8 the 
result under the fixed pointer. Division is 
accomplished by subtracting in n similar way. 

The back dial in the figure has a scale and 
pointer at the centre. This is an addition 
which is arranged on the Stanley Boucher 
calculator for finding the position of the 
decimal point, by automatically indicating 
the number of digits to be added or deducted 
from the result. 

Another type of circular calculator is the 
Halden Caleulex. This type is provided with 
fixed and movable logarithmic scales similar 
to the flat slide rule. These scales are arranged 
concentrically on the dial, and are similar. 
The outer scale is fixed, and the inner one can 
be rotated by central milled buttons at the 
back and front of the instrument. The pro¬ 
tecting glasses on each side rotate in the 
outer frame, and are marked with hair lines 
on their inner surface, thus serving the pur¬ 
pose of a cursor. 

Clinooraph 

The clinograph is more or less an .adjustable 
set-square, as shown in Fig. 3, with one of the 


Fig. 3. 

sides made movable by means of a stiff hinge 
placed at the apex. The movable side can be 
adjusted to any desired angle. 

Compassks, Proportional 

Proportional compasses are used for dividing, 
reducing, of enlarging in any given proportion. 
The instrument is made in brass or electrum, 
and consists of two flat pieces of metal witlf a 
short point at each end as shown, each 
identical in shape, and cut away at the centre 
to form a dove-tailed slot. Fitted to the dove¬ 
tails and sliding throughout their length is a 
split die provided with clamping screw which 
forms the axis of the instrument and locks the 
logs in position. The legs are ke'pt in register 
when closed by a small projection on one leg 
which fits into a corresponding slot in the other 
leg while the adjustment of the axis is made. 
For setting the instrument suitable scales are 
marked, along the edges of the slots, and an 
index line is provided on the sliding die. the 
scales, usually four, are marked Lines, Circles, 
Plans, and Solids. 

The scale of lines is used for enlarging or 


reducing drawings and the figures on the scale 
represent the proportions. Thus if the index 



l'io. 4. 


is set to division 4 the proportion of the long 
points to the short points will l>e as 4 is to 1. 

The scale of circles is used for dividing the 
circumference of a circle into equal parts up 
to 20. If the index is set to 12 the short points 
will divide the circumference of a circle of the 
radius given by the long points into 12 equal 
parts. 

The scale of plans is used to reduce or 
enlarge the area of a plan. For example, 
if the slide is set to the division 3 the area of 
a circle struck by the long points will be three 
times the area of one struck by the shorter 
points. 

The scale of soliils is used in cases where 
enlargement and reduction on drawings is 
required to be in proportion to the cubical 
contents of the articles drawn. For example, 
to make a drawing of a tank to give a cubical 
capacity of six times that of one already 
drawn the slide would be set t.o 6 and dimen¬ 
sions taken from the existing drawing with the 
ohort points would he set off on the larger 
drawing with the long points. 

Compasses, Triangular 

A simple three-legged compass made in the 
form of a pair of 'dividers with an extra leg 



hinged on the centre pin of the head joint. 
The extra leg moves in any direction horizon- 
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tally or vertically. The leg also has a clamping 
screw by which its length can be. adjusted. 
This instrument is used for copying plans 
ami drawings and is useful for testing the 
accuracy of copies of plans, etc. 

Cymograph 

An instrument for copying the profiles of 
mouldings or carvings, and sometimes used 
for copying portions of drawings full size. 

The instrument is attached to a small draw¬ 
ing board by adjustable clamps (see Fig. (i). 



By an arrangement of two pivoted parallclo- 
grams, a platform, carrying the copying 
stylus and marking pencil, is controlled to 
give a parallel motion over the whole surface j 
of the board. 

The stylus, pencil, and parallelogram pivots | 
are in line on the platform. 

To enable undercuts or intricate profiles 
to be produced the stylus arm is made in the 
form of a how, and is held in any desired 
position by a pawl engaging a ratchet wheel.* 
The j citation takes place about the axis of the 
stylus ball. 

Distance Mhasurbrs 
(i.) The Opiao meter {Fig. 7 ).~A small instni¬ 
ff 

, KW. V. 

raent for measuring distance on maps, and 
is constructed as follows : 

A small wheel with a milled edge is mounted 
on a screwed spindle, and the latter is carried 
by a fork in which it is free to slide, but not 
to rotate, the wheel being guided between 
the arms of the fork as shown. On each end 
of the screwed spindle are collars which act 
as stops. From one of the arms a pointer 
is fixed, and a line on the face of the wheel 
forms a zero mark. 

The action is as follows: The milled wheel 
is rotated until one of the stops is brought 
against the fork, and the pointer against the 
zero mark on the wheel. The wheel with the 


handle in a vertical position is run over the 
map along the distance it is required to 
measure. This distance may then he found 
by running the wheel the reverse way along 
j a suitable scale until the collar is back against 
i the stop, and the pointer at zero. The 
distance travelled along the scale represents 
the cl .stance on the map. The instrument is 
sometimes calibrated by means of a scale 
along the screw, and a divided wheel, so that 
the use of a scale is unnecessary. 

(i i.) The Hold meter ( Fig. 8).—This instrument 
is used for the same pur¬ 
pose as the opisometer 
j described above, but it is 
I more compact in form, and 
j gives a direct reading on a 
' dial. As will be seen in the 
i figure, it consists of a small 

■ tracing wheel which, by 

■ means of clockwork or suit- 
j able gearing, moves the 
I pointer on the dial, thus 
j registering the distance 

travelled by the wheel over Fid. 8. 
the map. It is made to 
read inches and /d-hs up to 40 inches, or by 
moans of two hands, inches and ^ths up to 
2o feet. 

Draughting Machines 

The Parallel-arm Machine .—This apparatus 
is designed to dispense with the use of the tee- 
square, set squares, scale and protractor, and 
is clamped to the drawing board, either at the 
left-hand top corner or, in some designs, in the 
middle. There are several types of this appar¬ 
atus, all more or less following the same prin¬ 



ciple. A special type o f machine is shown in 
Fig. 9, and its principle of construction is as 
follows : Bv means of two pivoted parallelo¬ 
grams a hing(*l arm is formed, one end of which 
is connected by a clamp to the top of the 
drawing hoard : the other end carries a com¬ 
bined type of square and protractor which is 
free to move throughout the surface of the 
board, the ruling edges of the square at the 
same time maintaining a parallel motion. 
The parallel motion is obtained by forming a 
crosshead at the elbow of the arm which 
rigidly connects the inner or centre short sides 
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of the parallelogram at right angles to each i 
other as shown in the figure. 

The square is made up of two graduated 
scales set at 90°/which are detachable and fit. j 
into a stock which is pivoted and forms a 
protractor graduated in degrees. By this 
means the angular position of the square is 
controlled and it can be clamped in any posi¬ 
tion. It has a range of 90° clockwise and 
4f>° in an anticlockwise direction. In some 
machines the protractor has a range of the 
complete circle, for rapidly setting standard 
angles such as 30°, 45°, 00°, and 90° an auto- j 
matic spring lock is provided. The protractor ■ 
is sometimes fitted with a vernier reading to 
minutes. 

The standard set of graduated scales, which 
arc interchangeable in the stock, consist of two ; 
long and two short scales covering 3, H, 1?» j 
j{, ) and \ inches to the font, and a 24-inch i 
straight edge for inking purposes. 

A horizontal hinge is provided at the j 
clamped end so that the apparatus can be ] 
lifted clear of the board. 

DltAl T (JHTSMAN's f'l HVES 


French or irregular curves are made in 
thin pear-wood, vulcanite, or celluloid, and 
are used for ornamental designs, rounding 



o 0 12 18 laches 


Fig. 10. 

angles, graph curves, oblique projections, etc. 
There arc numerous shapes; some of typical 
shape are shown in Fig. 10. 


Architectural curves are similar to the above, 
but the profile is more irregular, and arranged 
to suit mouldings, arches, and the small-scale 
curves usual in architectural drawings. Typical 
examples aro shown in Fig. 11. Radius or 



Fig. li. 


corner curves are made of thin plate, and 
provide a rapid means of rounding off small 
corners on drawings. The curves are made to 
standard radii, and merge into a straight, line, 
so that a smooth finish to the drawn curves 
can he made. Similar curves for standard 
radii of larger dimensions are also made. 

(i.) Mathematical Curves (Fig. 12).—A useful 
set of curves of this class have been calculated 




Cycloid Ellipse 

Fig. 12. 


and designed by Mr. 3. \V. Brookes, and are 
made in transparent celluloid. The set of five 
consist of the following : 

Parabola. Axi^ focus, and latus tectum 
marked ; equation y x 2 , unit 1 inch. 

Hyperbola (rectangular). Axis marked ; 
equation xy 1 inch. 

Cubic curve.. Equation y ~r\ 

Ellipse. Axes and foci marked. Major axis 
3", minor axis 2". * 

Cycloid. Roulette of circle 2" diameter; 
central ordinate marked. 

(ii.) Flexible Curves. —Seven'I forms of this 
type of curve have been designed by Mr. J. W. 
Brookes. The simple type shown in Fig. 13 



consists of a thin steel strip controlled by a 
stiff link work attached to a number of small 
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rings fixed to one side of the strip as shown. 
Tilts typo is also made in a form in which the 
curvature of the strip is controlled by the 
fingers instead of the links. Attached to one 
face of the strip aro a number of eyelets into 


{vi .) Ship and Yacht Curves ( i e/s. IS and 
10).—These are made in special shapes for 
forming curves peculiar to slaps and yachts. 
They are carefully designed, and in most eases 



Ida. 14. 

which the tips of the fingers can he placed to 
hold the curve to the desired shape (see 

Fill. 14). ... , 

(iii.) ('opyir.ij Curve (/■'»/. 15).—A curve ot 
this type, also designed by Mr. Brookes, has a 



Kiu. Hi. 

steel strip, similar to the above designs, con¬ 
trolled l >v several equally spaced rods sliding 
in suitable guides fixed to a straight rod. 

(IV.) liaill Curve ( Fi'J . hi).--This curve, 

designed bv Mr. W. K. Stanley, consists of a 



t sfe 


T„. 


Yacht Curves. 


Fid. 10. 

length of wood of rectangular section fitted 
with a set-sorow at the centre, and two sliding 
links, one at each end. A small spline of lance- 
wood is threaded through the links as shown 
in Fiij. 10, and is bent to the required curva¬ 
ture,by means of the set-screw. Splines of 
various lengths and sections may he used 
according to the curvature required. 

(V.) liaihvtvj Curves \Fbj. 17) or curves 
of standard radii are made of strips of pear- 
wood, sycamore, card- 

- 3 s 1 board, or celluloid, about 

l i" wide. They are made 
in sets, the full set of 100 
curves covering radii from 
1 to 250 inches, the length 
of the largest radius being about 18 inches. 
The outer and inner edges aro made to the 
same radius. 

Some types are made with a short straight 
portion at one end, and the tangent point 
indicated by a line. 



cz 


Kill. 17. 


t8 Inches 


Figs. 18 aiul 10. 

the contour is a mathematically generated 
form of the ellipse, hyperbola, or parabola. 
The set usually consists of about forty curves, 
but as many as eighty different kinds un¬ 
made. 
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Curve Radiator (Fig. 20).—A simple 
device for finding t he centre or radii of curves, 



such as railway curves, etc. It is made of 
vulcanite plate, and is used by setting the edges 
A and B to the curve and drawing a line 
along the edge 0. The. line thus drawn is 
radial to the curve. The intersection of two 
or more radial lines gives the centre of the 
curve. The device may be used on either side 
of the curve. 


Drawing Scales 

One of the most essential features in a draw¬ 
ing scale is accuracy. The material from which 
a scale is made is therefore important, and it 
should be carefully selected, bearing in mind 
the effects due to atmospheric changes, tem¬ 
perature, etc. The latter may be neglected 
except in very special cases, hut ordinarily 
the physical qualities of the material and 
atmospheric effects must he taken into account 
if reliability is to be obtained. 

The materials usually employed are steel, 
ivory, boxwood, vulcanite, and cardboard. 
Steel scales can be relied upon to retain their 
accuracy, hut for drawing purposes they aro 
not considered desirable owing to the reflecting 
surface, and hence the difficulty in reading 
the divisions ; the weight is also objection¬ 
able. Ivory is excellent as regards wearing 
qualities, definition of marking, and cleanliness, 
but unfortunately it gradually contracts and 
continues to do so for a long period. It is also 
very expensive. Boxwood is more generally 
used, and if carefully selected and well 
seasoned is quite satisfactory for ordinary 
drawing purposes. Boxwood, however, is 
rather soft and fine markings are difficult 
to maintain. To overcome this difficulty 
boxwood scales are now often provided with 
white opaque celluloid edges attached by 
means of a tongue and groove, or moulded 
and glued on to the woodwork. Vulcanite 
is seldom used as it is particularly susceptible 
to atmospheric influences, but for use where 
accuracy is not important a vulcanite scale 
with white divisions tends to diminish eye- 
strain when working by artificial light. Card¬ 
board scales, when specially treated and 
varnished, are satisfactory for ordinary rough 
drafting, and, being flexible, the laying off 
of dimensions with rapidity is facilitated. 
They are, however, difficult to keep clean 
and wear out quickly. Scales are made in 
several sectional forms; the more or less 
standard sections are shown in Fig. 21. 


A thin edge is desirable if the dimensions 
are to be laid off with case and without 
inaccuracies caused by parallax effects. The 
flat scale possesses advantages in this direction 
as if- lies perfectly flat on the drawing. The 
oval typo is usually held in a tipped position 

cr_.x 


Oval Single Bevel 


Flat 



Opposite Bevel 



Triangular 



Improved Triangular 

FIG. 21. 


when in use and consequently is easily lifted 
from the drawing. This section is also more 
adapted for marking on both sides. 

The triangular scale is not so much in general 
use on account of its clumsiness. It is also 
expensive to manufacture, but it possesses 
three thin edges which lie flat on the drawing, 
and as each edge is marked on both sides six 
independent scales can be arranged. This 
type of scale is also made in “ eleetrum ” or 
steel and is formed by three thin pointed 
blades set radially at 120° to each other. 

In cases where one scale only is required 
on each rule, thus avoiding mistakes often 
made through choosing the wrong scale when 
seviyal are marked on one rule, the “ single 
bevel ” type is used. As an alternative to 
reduce the number of scales required by half, 
the “ opposite bevel ” type may be used. This 
type has the advantage, as in the case <\f the 
oval type, that when lying flat on the drawing 
it can easily be picked up. 

The dividing or marking of a scale is now 
almost entirely done by means of a dividing 
engine, and this method is essential if uniform 
accuracy is to bo maintained throughout the 
length, although in the earlier days marking 
was generally hand work. There arc a 
considerable number of different forms of 
marking, and each is individual to the class 
of work for which the scale is required. The 
engineer, architect, surveyor each have their 
particular forms of marking. The engineer’s 
scale is usually made 12", 18", or 24" long, and 
subdivided duodecimally, decimally, or into 
eighths and sixteenths of an inch. 
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The style of dividing preferred is a matter 
of choice. Some prefer the open divided typo 
with subdivisions at the ends only, and others 
the fully divided type with subdivisions 
marked throughout the length of the scale. 
The figuring also varies. Some scales are 
figured from one end only, either from left 
to right or vice versa : others are figured 
in both directions, so that the figures can be 
easily read independently of the way in which 
the scale is placed on the drawing. Again, 
some are figured from the centre to each end, 
and arc known as the “ bisecting back ” type. 

Engineers as a rule prefer both edges on 
each face of the scale divided alike, .so that if 
when in use the scale is accidentally turned 
round mistakes do not occur. With this 
system, of course, several scales are necessary 
to cover the range of proportions, hut this is 
preferable to crowding on one scale a large 
variety of divisions which have always to be 
carefully examined to make sure that 
the right set is being used. 

Medianical engineers often prefer 
for general work a simple fully divided 
scale marked into inches and six- 
teenths throughout the length of both 
edges on one 
side, and on 
the other side 
s i in i 1 a r 1 y 
divided into 
inches and 
twentieths. 

The ncces- t'l 

sary reduc¬ 
tion or enlarging in the ease of scale 
drawing is then done mentally. It is 
convenient, however, to have each end 
for, say, two inches again subdivided, i.e. 
one side into thirty-seconds and the other 
into fiftieths. A scale of this type is shown 
in Fig. 22. For ordinary small and medium- 
sized mechanical drawings when the inch is 
the unit, the scale described above will 
conveniently cover drawings of the following j 
proportions: 2/1, 1/2, 1/4, 1/S. In large 
size mechanical and architectural drawings 
when the unit is the foot, it is, of course, | 
more or less necessary to have a scale for j 
each of the proportions, i.e. b", ,T\ 1|" and 
to the foot. The subdivisions in this case 
are in twelfths. Standard scales for engineers 
and architects can be obtained in proportions 
as follows: !, 1 , 0 , J, I!, 1, and 1 

inch to the foot; also 1| and 3 inches to 
the foot. 

A special scale (see Fig. 23) known as the 
“ Armstrong,” for use in technical schools 
and colleges, is made oval in section. The 
four edges contain “ eight scales,” viz. •, 

l, and 1 inch to the foot, -J, 1‘, and 
3 inches to the foot, and the scales are 


xr 


U in 


open divided and subdivided at each mid as 
shown. 

Some scales intended to be moro or less of 
a universal character have the whole available 
space on both sides occupied with scales, 
and in some cases nearly twenty different 
scales are provided. They are obviously 
inconvenient for general work as some of the 
scales do not lie along an edge and stepping 
off dinymsions with dividers is therefore 
necessary. The close arrangement adopted is 
confusing, and liability of error is increased 
by choosing the wrong scale. Seales of this 
type are still made for builders and architects. 

(i.) Chain Seales. - -These, which arc used by 
civil engineers and surveyors, are usually made 
in the fiat section, and are fully divided, the 
bevelled edges only being marked. One bevel 
is usually divided into chains and the other 
into feet. Sixty-six divisions on the feet edge 
are made equal to 100 divisions on the chain 
edge. Thus conversions can easily be 
made. 

Six chain scales constitute a sot for 
general work, each having an identi¬ 
fication number according to the 
divisions per inch ; thus a 40 scale 
will have 40 
divisions per 
i nc h. The 

numbers of a 
set are 10,20, 
30,40,50, and 
60, although, 
24. of course, 

scales ii]) to 

100 arc used for topographical surveys. Offset 
scales used with the chain scale for plotting 
arc made from 2" to 6" long according to the 
length of the chain scale. The offset is marked 
similarly to the peale with which it is used, 
and the ends are accurately square with the 
bevelled edges. For a typical example of 
scale and offset see Fig. 24. 

(ii.) Diagonal Scales, although often marked 
on the back of a type of rectangular protractor 
supplied in cases of drawing instruments, are 
seldom used for general work. 


STANLEY’S CRT AT TURNS. TILE HOIOOHN 





Fig. 25 shows the form of the marking on 
full - size diagonal scale with which it is 
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possible to obtain dimensions with dividers I be fixed at any desired angle from horizontal 
varying by 01 inch, provided, of course, that | to vertical by an arrangement of the damps, 

quadrant-8, and levers. Trays and 
ledges are suitably arranged for 
the accommodation of pencils, 
instruments, etc. The tee-square, 
or sliding straight edge is designed 
to move freely and yet retain its 
position when at rest without slip¬ 
ping. Where the straight edge is 
used pulleys and fords are ar¬ 
ranged to control the parallel 
movement, but in the ease of 



Fra. 20. • 


the marking is sufficiently fine and accurate. | the tee - square some simple quick-acting 
The scale is divided vertically into 10 equal | clamp is provided 

(ii.) The Stanley Draw ') ny - table 
J_. L—] J. r.L j j J—L_L_ UZL I—7_|_1 )_[ -[./ (Figs. 28,\, 28n).—This consists of a 

ti__2L 3i *\ j;L # >r_7i ai 9| i[p iii ii? Tla u i»s ilo ii/jlok ' J , , / , .... 

= JZ__=J*_ JJ r -> _ . ) balanced drawing-board which may 

•rTr7 -~~rT\ \ inclined at any angle between 

the Iwrijamtal and vertical, and 

“Vii - ”1:^'' L = T'.___I_ cs_'~ >n' cf\ is clamped rigidly in position. 

'• >■. '.f'rra -c t-.-jv .in ,i tYjijii— ti 7—- Height adjustment is also provided 

Nw-.: .— — --:... ■. •' -—- > so that the operator may either work 

Kia. 27. in a sitting or standing position. 

The tee-square tnav he clamped 


spaces by lines drawn horizontally. Crossing I instantly in any position and is always held 


these lint's perpendicularly the. unit divisions 
(in this case 1") are set out. The top and j 
bottom lines of the end division arc also 
divided horizontally into 10 equal parts by 
sloping parallel lines, the slope being 1/10 
in the full width of the scale. Thus the first, 
division on the top is connected by an oblique 
line to the 0 division on the bottom line, 
the second division on to the top line to the 
lirst. division on the bottom line, and so on. 

The principle of the scale is as follows : , 

Consider the triangle OAK. The distance 
OC is 1/10 OB. As OA and OB are straight 
line.’ the distance Cl) must equal 1/10 of BA, 
but BA is -or. Therefore Cl)-•001". The 
tenths on (lie scale are re„ad of! by figures 
on the bottom horizontal line and hundredths 
by the figures on the vertical line at the qnd. 
For example, it will be seen that the dimension 
FC - 1-04 inch and the dimension ll.J 1-46. 

(iii.) The (kmpam Scale. (Fig. 20) is a small 
open "divided scale usually 2" or 3" long, in 
brass, eleet rum, or ivory, made for the purpose 
of setting dividers, compasses, or spring bows, 
and thus save the drawing scale from the injury 
of the compass points. It is sometimes at¬ 
tached to the tee - scpiare, hut it is more 
convenient to have it sunk into the drawing 
scale and marked with corresponding divisions 
see Fig. 27). 

Duawitn'o Tables 

(i.) Adjustable Tables .—These are made to 
i variety of designs. The general principle, 
lowevor, is more or less similar and provides 
k means by which the drawing-board can 



FlO. 28B.—Board lowered. 


-wo' 
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close to the surface of the paper. A ledge on 
the blade acts as a rest for instruments, pencils, 
etc., when the board is set to a steep incline. 
The board is readily detachable and can bo 
replaced by another when required. 

(iii.) Perspective I hawing - board (Fig. 
29).—Tins board, which is fitted with an 



adjustable stand, is, as its name implies, 
specially designed for perspective drawing. 
It is more or less of the standard pattern, 
fitted with a tee-square, running in a groove, 
and provided with a clamp. On both the 
extreme right and left hand edges of the 
hoard are grooves into which adjustable studs 
are fitted for use with two eentrolineads. The 
eentrolineads are designed to suit the board, 
and are each fitted with a hinged ruling arm 
so that either rule, when not in use, can be 
moved clear of the. board. 

For a detailed description of the eontrolipead 
and its method of use, sec above under heading 
“ Centrolinead.” 

(iv.) Tracing Frame (Fig. 30).—Used for 
copying drawings when the copy is required 



the drawing to be copied. It consists of a 
simple framework carrying a sheet of plate 
glass which is hinged to a sub-frame at base, 
and by means of movable struts the inclina¬ 
tion of the glass can be adjusted to suit the 
direction of the light. 

The drawing to be copied, with the plain 
paper above, is pinned to the frame over the 


glass, and the frame adjusted to receive a 
maximum amount of light through the glass 
and paper. By the aid of a good light the 
tracing can be very accurately done. A re* 
Hector is sometimes used if the paper is thick 
and a more concentrated light is required on 
the glass. 

Ecckntrolin rad 

A simple instrument for drawing eccentro- 
| radial lines from a given centre: for example, 
: the taper,arms of a wheel or the teeth of milling 
cutters and other uses in mechanical drawing. 
In its simplest form it consists of a small ivory 
rule about 5" long, to which is pivoted a small 
arm carrying a needle-point. The pivot is 
provided with a locking screw. The needle¬ 
point swings radially about the end of the rule 



Fig. 31. 


and can be fixed at any desired angle to the 
right or left of the centre of the rule. Its 
position is indicated on a scale. In use, 
when set to the required angle, the needle¬ 
point is put in the centre of the wheel to be 
drawn and one side of each of the arms drawn. 
The needle-arm is then thrown over to the 
reverse side of the centre of the rule, and the 
remaining side of the arms drawn. 

Elliptical Tkammel 

(i.) With the aid of this instrument large 
ellipses ean be easily and accurately drawn. 
The type shown is designed more particu¬ 
larly for sizes Above 5" minor axes. The 



bed is constructed in the form of a cross, 

I with short needle - points protruding from 
j the under side for fixing tho instrument 
| to the paper. Through the centre of the* 
[ arms, on the upper side, are two vee-slots 
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crossing each other at right angles. Each 
slot is fitted with a slide carrying a vertically 
pivoted swivelling head through which a 
rectangular trammel rod is made to slide 
freely, or be locked in any position with a 
milled set-screw. On the end of the rod a 
fitting is fixed to receive the scribing pen or 
pencil. To draw an ellipse, tho instrument is 
used as follows: Two lines are drawn at 
right angles on the paper and tho major and 
minor axes marked off. The instalment is 
then placed in position with the Qpntre lines 
of the tee-slots normal to the lines drawn, 
and is fixed by pressing the needle-points into 
the paper. With the set-serows in the slides 
free, the trammel rod is brought into line with 
the major axis, and the pencil point set to 
the axis mark. Tho minor axis slide now 
being in the eenfre of the cross is locked to 
the rod hy the set-screw. (It. should be noted 
that the major axis slide is between the 
scribing point and the minor axis slide.) In 
a similar way the major axis slide is set by 
moving the rod through 90° so that the pencil i 
can he set to the minor axis mark, and the 
rod locked with the set-screw to the major | 
axis slide. The slides are now both locked to 
the rod, and the ellipse may he drawn by 
moving the pencil carefully round the instru¬ 
ment, allowing the pair of slides to control its 
path. 

The action ot the trammel depends on the 
property of an ellipse, that if, from a point on 
the minor axis as centre, a circle be described 
having the, major semi-axis as radius, and the 
centre be joined to the point, of intersection 
of the circle and ellipse, then the intercept 01 ^ 
this line, between the point of intersection and 
the major axis is equal to the, minor semi-axis 
of the curve. 

(ii.) Tho Semi-elliptic Trammel {Fig. 113).—- 
This is similar in principle # and action to the 



instrument described above, but with it much 
smaller ellipses can be drawn, and it lias a 
much larger range over all sizes. It has the 
disadvantage, however, that only half of the 
ellipse can be drawn with one setting. The 
slides are arranged in different planes, and 
being itidefindent a smoother working action 
is obtained. The minor axis slot is at the top, 
similar to the elliptic trammel, but the major 
axis slot is cut in a vertical face along the 
front of the instrument. In setting the 
instrument the vertical face can be set along 


the line of the major axis, enabling a much 
easier and more accurate setting to be obtained, 
(iii.) EUiptograph. {Fig. 34). — This instru¬ 
ment is designed to produce ellipses of small 



size with one setting, and has a range from {" 
to (>" major axis. The principle of its action 
is a combination of a rotary and a rectilinear 
motion. 

The base is in the form of a table on four 
legs. Two of the legs are lilted with needle¬ 
points for locating the axis of the instrument 
along the major axis line of the ellipse to ho 
drawn. In line with the needle-points n long 
slot is cut in the centre of the table and fitted 
with a slide. Across the table at right angles 
to tho slot a rectangular plate is arranged to 
slide in dovetailed guides, and the plate has a 
large circular hole in its centre into which is 
fitted a disc free to rotate in.the plate. The 
disc has an adjustable centre in the form of 
a slide lilted in a slot across its diameter, 
and provided with an index and a scale, as 
shown, for setting the eccentricity of the centre. 
This centre is arranged to work coaxially 
with tiro centre of the slide in llie, slot of the 
table beneath, and directly through their axes 
a square vertical rod passes, to the bottom of 
which a bar carrying an adjustable pencil 
is attached. By turning the milled head at 
tho top of the vertical rod the ellipse is de¬ 
scribed, and by lifting tire milled head the 
pejreil is removed from the paper. The, pencil 
is adjusted radially by means of the horizontal 
milled head shown in the figure, and a scale 
and index are provided. 

To set the instrument, for a given ellipse, 
the pencil is adjusted in its slide to the required 
minor axis, setting of course by the scale. 
On the disc ^hovc the difference between the 
major and minor axes is set to the scale on the 
disc. 

It should be noted that the bar carrying 
the pencil is in lino with the slot, and slide 
in the disc. 

After the above adjustments, the instrument 
is set in position by the needle-points along 
the major axis line drawn on the paper, and 
by rotating the milled head referred to above 
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the ellipse is produced to the required dimen¬ 
sions. 

It will be seen that during the operation 
the rectangular plate moves to and fro in its 
transverse slides as the disc rotates, and that 
the disc merely forms a crank to which the 
pencil is attached, and is controlled in its 
movement by the major axis slot in the bed 
beneath. 

Hudson's House-i’ower Computing Rule 

A form of slide rule for calculating the pro¬ 
portions of steam engines. It is titted with 
two slides movable in either direction. It 


INDICATED H OR E P1WE R 



SBE R DIAM ET E Q 
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is made in cardboard or boxwood. It gives 
without any calculation — 

(1) The I.H.P. from the usual data. 

(2) The size of the engine for any given 
power. 

(3) Piston speed. 

(4) Ratio of cylinders of compound engines, 
(o) The mean pressure for any eut-otf can 

be found from the initial pressure. 


. Ism; it a ph 

A form of adjustable protractor used 
similarly to the ordinary set-square for setting 
off any angle. It is similar in construction to 
the carpenter’s two-foot single folding-rule : the 



Fig. 3C. 

laminated hinge in the case of the isograph is 
graduated in degrees to form a protractor, and 
arranged so that the two straight edges can 
be set to any inclination between 0 and 180 
degrees. 


Laths for Curve Drawing 

(i.) The Parabola .—This is a simple appar¬ 
atus by which parabolic curves of given 
dimensions may be drawn with reasonable 
accuracy. It consists of a lath and a tee- 
square. 

The lath has one edge which is truo and 
straight, and the square is similar to an 
ordinary tee - square, but is flush on both 
sides; t^o top of the stock is square with the 
blade edg§. 

In producing a given parabola the axis and 
base lines arc drawn and the focus and base 
points marked. The lath is set in a position 
parallel to the base line 
either along the direc¬ 
trix or in a position to 
leave sufficient space 
for the curve to he 

( drawn. 

The stock of the 
square is placed against 
• the lath with the edge 
of the blade intersect¬ 
ing the base line at the 
4 .' . J Sill .base point as shown. 

A cord is then stretched 

. from a pin fixed in the 

vide p. wtp r,y <>■ focus point and attached 

---to the blade of the square 

at the base point. The 
attachment is made by 
drawing the cord through a hole drilled 
transversely through the blade at the required 
place, and fixed by means of a round taper 
/wedge. Several holes of suitable pitch are 
usually provided. 

The parabola is drawn with a jx'ncil, com¬ 
mencing at the base point by holding the 




'.TON ire ED 




cord with the pencil-point against the blade 
edge and at the same time allowing the square 
to slide along the straight edge towards the 
axial line. The length of the cord is equal 
to the distance between the base line and the 
directrix. Hence clearly the distance oi the 
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pencil from the focus is equal to its distance 
from the directrix, the fundamental property 
of a parabola. When one half of the parabola 
is completed the other half is drawn by 
turning the square over and repeating the 
operation. The lath is held in position by 
weights. The illustration shows tho square in 
two positions 

(ii.) The Hyperbola (Fig. 38).—The hyper 



bola may be drawn in a similar way to 
the parabola method described above. In 
this ease a simple lath is used. A centre, at 
one end, in line with the edge is provided by 
means of a hole drilled in a metal projection. 
Along the edge of the lath transverse holes 
are drilled, and a wedge is provided for fixing 
the cord. The method of use is as follows : 

The axes and base line of the hyperbola are 
drawn and the focus N, his second focus II, 
and the base points marked. The lath is 
centred at the second focus il point by 
means of a pin passing through the centre hole 
referred to above, thus forming a fulcrum. 
The lath is then set so that tho true edge 


Thus HP-SI*--a constant, which is the fun¬ 
damental property of the hyperbola. 

The hyperbola is completed by turning tho 
lath over and repeating the method on the 
other side of the axis. 

Lot i -lou Holes 

The Log-log rule is similar to the ordinary 
slide rule, hut is made wider to accommodate 
additional scales which enable power's and roots 
to be determined by one operation. The prin¬ 
ciple involved was first used by Dr. Roget 
in 1815, but not until recent years has the 
system been successfully applied to the slide 
rule. 

There are several types of log-log rules 
made, hut one of the earliest of this type was 
designed by Professor Perry, F.K.S., and is 
known as the “ Perry Rule ” (described below). 
The special log-log scales are generally arranged 
along the upper and lower edges of the rule, 
ami are used in conjunction with the ordinary 
scales. The log-log scale is graduated in 
divisions proportional to the logarithm of 
the logarithm of the numbers indicated along 
the scales, and is used for calculating a u -- r. 

| The logarithmic method of calculating a ll x 
I is log a x n -- log a;. 

| By again taking logs, 

log (log a) + log n ~ log (log x). 

It is now evident that given a suitable log-log 
scale on the rule this calculation can he 
accomplished by simply adding n hy the 
slide and reading .r on the log-log scale. 

(i.) The Terry Rule {Tig. 311). In the Perry 


Kia. :io. 



intersects the base line at the base point. 
From a pin fixed at the focus S a cord is 
attached to the edge of the lath and fixed 
by means of a wedge to one of the trans¬ 
verse holes at B referred to above. 

The semi-hyperbola is drawn by running 
the pencil along the edge of the lath towards 
the apex and at the same time keeping the 
cord between the pencil-point and the lath, 
allowing the latter to swing until in line with 
the axis. For we have 


and 


111 * +1‘ B a constant, 
SP + BP-a constant. 


rule the log-log scales are used in conjunction 
with scale II of the slide, and extend along the 
upper and lower edges of the rule. The upper 
scale, known as E, lias a range of numbers from 
11 to 10,000, and the lower scale. -E or E* 1 , 
a range from -0001 to 0*91, enabling numbers 
less than unify to be easily dealt with. The 
scales are reciprocal one with the other. Thus, 
•5 will he found on scale E 1 opposite 2 on 
scale E. 

In using the rule to find a is simply 
multiplied by n , using tho scales E and B. 
Thus, set the unit of slide B opposite a on 
E and read the answer on E opposite n on 


vol. in 


T 
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B. The index n may be positive or negative. 
The result for a negative index is read off on 
the reciprocal scale because a~ u ~ 1 /a n , that is, 
a - ’* is the reciprocal of a' 1 . To find or", if a 
is greater than unity we multiply a on the 
scale K by n on the slide and read the answer 
on scale E* 1 , but if less than unity multiply | 
a on E' 1 by n on B and read the answer on E. 

In using the log-log scales it should ho 
noted that the values of the marking should 
ho taken as given ( e.y . I f) is definitely 1-5, 
and cannot he taken as 1500 or -0015, etc., 
as with the ordinary scales). 

(ii.) The Faber Log-log Rule (Fig. 40). In 
this rule the two log-log scales are arranged in 


directly above the base can bo drawn without 
sliding the base along sideways. 

Parallel niles are often used for section 
lining on engineers’ drawings, and adjustable 
devices are sometimes fitted to limit the 
movement of the bevelled blade to the desired 
pitch of. the sectioning. The method of uso 
is as follows: 

The rule is closed and a line drawn along 
the bevelled edge. The bevelled edge is then 
extendcl out to the limit allowed and another 
line draw l. The base of the rule is now closed 
j up and the bevelled rule again extended and 
another line drawn. It will he seen that by 
I opening and closing after each line is drawn 



L<’iu. 40. 


a similar way to the Perry rule, but the upper 
scale has a range from 11 to 2-9, and the 
lower scale from 2-9 to 100,000. These scales 
are used in conjunction with the (’ scale of the 
slide. When using on the right-hand end of 
the slide a special unit line marked W is used 
as the unit point. 'Phis rule is also provided 
with two special scales ni) the stock beneath 
the slide, one for calculating efficiency of 
dynamos, effective horse-power, etc., and the 
other for loss of potential, euirent strength, etc. 


I 


Parallel Rules 

The simple type ( Fig. ‘41) consists of two 
similar rules, one with a bevelled edge, pivoted 
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together by two metal links as shown in the j 
illustration. The pivot centres on each of the j 
rules should be equidistant. The centres of i 


a series of equidistant parallel lines aro 
produced. 

Set squares serve the purpose of this type 
of rule equally well, with (he result that the 
parallel rule is not often used by draughtsmen. 

The rolling type of parallel rule (Fig. 42) 
is far superior to the link type described 
above, and is used more particularly by civil 
engineers and architects for ruling parallel 
lines on large drawings when it is difficult to 
use a tee-square, and also when parallel lines 
in various directions are required. With this 
type of rule it is possible to rule parallel easily 
and rapidly in any direction directly in line 
with the base line. 

The rule in its simple form consists of a 
fairly stout rectangular bevelled rule mounted 
on two wheels of equal diameter which project 
slijhtly below the lower surface. The wheels 
arc mounted solidly on a long axle running on 
hearings fixed to the rule, and are protected 
above by a semicircular cover. These rules 
are made in ebony with brass and elcotrum 
fittings, and the sizes range from 0" to 24" 
long, and sizes up to 30" arc sometimes made. 

Weight within reason is an advantage. The 


the links also should 
be equal if accurate 
parallel lines are to be 
produced. 

The range of this 
instrument is limited 
by the swing of the 



links. To increase 


Fio. 42. 


the range another 

pair of links connecting another rule on lighter types are liable to slip on smooth paper 
the opposite side may be added. When and for this reason the rules arc sometimes 
arranged with tw r o sets of links parallel lines made throughout in gun-metal or elcctrum. 
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Protractors 

Tlu' simple type (see Fig. 4.7) consists of a cir¬ 
cular plate of electrum, vulcanite, or celluloid, 
the circumference of which is bevelled to a 
thin edge and divided into 300° and half 
degrees. The marking is figured every 10°. 
The circular plate is cut away near the 
centre, leaving a cross-bar one edge of which 
is diametral, and bevelled to a thin edge. 


Tig. 43. 

Central along tho bevelled edge a line is 
marked which represents the centre or setting 
point of the protractor. 

The transparent celluloid type is usually 
made solid, and is marked and divided on 
the underside, thus eliminating errors due to 
parallax. The setting point merely consists 
of a-small hole pricked through or cross-lines 
on the underside. To obtain more accurate 
results a small separate arm marked with a 
vernier is used (see Fig. 43). With this attach- ; 
rnoiit, marking o!T to minutes may be accom¬ 
plished, and the bevelled edge of the arm 
enables a portion of the radial line to he drawn. 
Another type of circular protractor (see Fig. 44),* 
made in brass or elec¬ 
tron!, has the vernier 
scale and arm arranged 
to rotate radially about 
a hollow centre bearing 
supported by four radial 
arms. The setting p.iint 
in this case is marked 
on a small circular piece 
of glass or celluloid let 
into the centre of the 
hollow hearing and con¬ 
centric with it. The 
setting point is some¬ 
times located by a small 
circle as well as the 
cross-lines, but in this case the lines join 
the circle but do not cross it. With the 
aid of the lines it is possible to judge the 
centre of the circle more easily. Marking off 
directly from the radial arm often leads to 
inaccuracies if the thickness of the pencil-point 
is not accounted for. A more accurate means 
as an alternative is provided by forming the 
end of the arm to accommodate a small hole 
through which a pricker can be used. The 


arm is sometimes made in the form of a spring, 
with a needle-point at. the end. Thus by slight 
pressure with the fingers the required position 
is located by a puncture point on the paper. 

The radial setting points on the type of 
protractor just described are engraved at 
45° on bevels arranged on the inner circumfer¬ 
ence of the divided 
circle. Needle-points 
are also provided at 
the outer ends of the 
arms for fixing the 
protractor in position 
on the paper. 

A more elaborate 
type of protractor 
shown in Fig. 45 is 
used more particularly 
for theodolite plotting. 

This instrument is 
fitted with two arms 
in conjunction with 
the vernier, these 
being fitted with 
needle-points hinged I'm. 

and controlled by a 

spring. The needle-points are arranged dia¬ 
metrically opposite each other, thus giving 
two punctures as well as the centre mark 
through which the angular lines can be drawn. 

Slide Rules 

The slide rule provides a simple mechanical 
means by the aid of which arithmetical, alge¬ 
braic, anti trigonometric calculations can be 
easily and rapidly performed. Tts operation 
is based on the properties of logarithms, and 
it may almost be regarded as a table of 
logarithms in scale form. In slide rule cal¬ 
culations the system of logarithms is used 
mure or less unconsciously by the operator, 
and it is not necessary for the operator to 
understand the principle of logarithms, as tho 
figures representing the value of the divisions 
marked on the scales and used in the calcu¬ 
lations are not logarithmic : it is the spacing 
of the divisions oidy which bears relation to 
logarithms. 

Slide rules depend lor their action on the 
law that 

log .< 7 / log x + log y. 

The lengths «f the divisions of the rule are 
proportional to the logarithms of the corre¬ 
sponding numbers, and numbers are multiplied 
by adding their logarithms. 

(i.) The Logarithmic Slide .—The straight 
logarithmic scale was invented by Edmund 
Hunter in 1 (> 20 , and with it calculations 
were made by the aid of dividers. After 
this various types of logarithmic slide rules 
with one or more sliding scales were invented, 
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but it was not until 1850 that Mannheim 
designed the standard British rule used at 
the present time. This type of rule, also 
known as the “ Gravet ” rule (see Fig. 40), 
consists of three parts, the body, the central 
slide, and the cursor. The body and the slide 
are each marked with two scales, and it will 
bo seen that when the slide is in its normal 


size of scales 0 and ]). The divisions on the 
scales are arranged decimally, and by simple 
observation the value, of any subdivision is 
found, and by interpolating, the value of 
readings between two subdivisions can be 
obtained. 

The value of the commencing figures of the 
rule - and slide may either be taken as I as 
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position the adjacent scales of the slide and 
body are alike. 

The cursor is a small metal sliding frame 
containing a glass on which a hair line is 
drawn and is used for the purpose of co-rclat-ing 
divisions of one scale with those of another. 

For reference purposes the scales on the 
front face of the rule are generally referred to 
by the letters A, B, C, and D (see Fig. 47). 
Scales are also marked on the back of the slide 
and are lettered T and S. These scales are 
used in conjunction with the others for 
trigonometrical computations, T for tangents, 
and iS for sines. Another scale marked L, 
for obtaining the mantissa of logarithms, is 
often to be found in the centre of the slide 
between scales T and S. 

The divisions of the scales A and P>, 0 and I), 
are proportional to the common logarithms of 


indicated, or •], 10, 100, 1000, provided, of 
course, the values of the other figures are 
altered in the same proportion; if 1 is taken 
as 10, then 2 will he 20, and so on. 

When calculating with the slide rule, 
beginners often have difficulty m locating 
the position of the decimal point in their 
results. It is possible to formulate rules for 
this purpose, hut unless they are memorised 
i and carefully applied they cause delay, 
j Experienced users of the instrument usually 
I calculate throughout, regarding all the figures 
[ as whole numbers, and fix the position of 
| the decimal point in the result by inspection 
j or by a rough mental calculation. 

j Sometimes, however, when an expression contains 
; a number of figures involving zeros and decimals 
it is desirable to rearrange the decimal points so that 
i each quantity contains one whole number only. 



the numbers with which they are marked, j 
Thus, for example, the distance from the ! 
left-hand unit to the figure 3 docs not represent ; 
3 of any specific unit, but is proportional to ; 
the logarithm of 3, and if measured on scales (.' j 
or I) of a true 1 10* rule the <iistance would J 
be 4-771", i.e. the log of 3 in the proportion i 
10/1. Similarly the distance of 2 will he the ; 
logarithm of 2x10 -3010 x 10 - 3 01. It will 
be seen, therefore, that the scales can be readily 
marked off from a table of logarithms. 

Seales A or B are marked off from logarithms 
in the proportion 5/1, making them half the j 

1 The length of a scale or rule usually described as | 
10 ” will generally be found to be 25 centimetres. | 


multiplying in each case, of course, by ]ft t<> some 
power positive or negative according to the number 
of places and direction the decimal points are moved. 
For example: 

208-3 •- -000 075 2 -083 . 1 ft 2 • 0-7o x If)-* 

•03 • 8ft(MH 3 x 10 2 .-. 8 0001 , It) 3 

24*83 / 0-7n 10 2 _ 2-083 0-75 v 1ft 3 
3x8 0001 - 1ft 3- .8 0001 

This method not only assists in finding the decimal 
point, but simplifies the calc illation to a great extent, 
A considerable amount of practice is necessary 
with the slide rule to obtain results with rapidity 
and precision, and also for rapidly settling the 
















DRAUGHTING DEVICES 


277 


position of the decimal point. Some general methods j 
of calculation are explained below. 

(ii.) Squares and Square Roots. —If the j 
scales A and L) aro examined it will be seen 
that the numbers on A are the squares of the : 
numbers directly below on I). The use of the : 
cursor enables the coincidence of the divisions ! 
on the two scales to be more easily noted. If i 
the cursor is set to coincide with a given 
number on D, the square of the number can 
bo read oil on A. In extracting square roots . 
this process is, of course, reversed. 

(iii.) Multiplication and Division. —In using 
logarithms, multiplication of two or more 
numbers is effect*.d by adding the logarithms 
of the factors, and division by subtracting the j 
logarithms of 1 he factors. This is precisely j 
the principle attaching to the use of the slide ! 
rule for these calculations, the addition or j 
subtraction in this case being performed by the i 
slide scale, since the linear dimensions of the 
scales as described above are proportional to J 
the logarithms of the numbers marked on 
the scales. For example, to multiply 2 5 by ■ 
b, set the unit of the slide opposite 2-5 on the i 
scale A, and against 0 on the slide read the ; 
product 15 on A. For division the operation ! 
is reversed. Thus, to divide (> by 2-5, set. the 
2-5 on the slide against 0 on A, and read . 
the quotient 24 oil A against the unit of 
the slide. 

It will he observed that by setting the unit 
of the slide against a given number oil A the 
products of the number multiplied by any 
number on the slide can be read off directly 
on scale A. 

Th" lower scales, (' of the slide, and I) of 
the rule, may be used in (he same way as A 
and 11 for calculation, and they are sometimes 
preferred as the divisions are more open, it 
should be noted, however, when using these 
scales, or when continued multiplication is per- ; 
formed on the upper scales, that it is necessary j 
to use the right-hand unit if the resuit ot the ! 
calculation cannot be found on the scale, or 
that during a calculation it may sometimes ! 
be necessary to transfer from the unit at the j 
one end to the unit, at the other. j 

(iv.) Proportion. ---This is simply a com- i 
burnt ion of multiplication and division. For 
example: I 

. * _ 4 7 2 7 

* ‘ ‘ : 7 : *'* , 4 • 

Using the rule, set 4 on B opposite 2 on A, 
and opposite 7 on B read the answer 3*5 on A. 
Now that the slide is set, any proportion of the 
ratio 4 : 2 can be read off along the scale. 

(v.) Reciprocal —The reciprocal of a 
number n being 1 /«, the principle already 
desorilied for division can be applied. For 
example, to line! the reciprocal of Hi, set Hi on 
C opposite the left-hand unit on I), and read 


opposite the right-hand unit of C the answer 
•01)25 on I). ()r, alternatively, set the left-hand 
unit of the (• opposite 10 on L), and opposite 
the right-hand unit of I) read the reciprocal 
•0025 on 

Another method, by which all reciprocals 
can be read off directly without moving the 
slide, is to reverse the slide so that scale C.is 
above scale Jl. Then, by setting the end 
units of the slide and rule in coincidence, the 
reciprocals of the numbers on scale 1) can be 
read directly on the inverted scale C by using 
the cursor. For example, in line with 4 on 1) 
will be seen -25 on C. The numbers on C are, 
of course, read as decimals. 

If the rule is examined with the slide set as 
described, it will be seen that the length of 
slide representing the reciprocal is added to 
the length of scale II representing the number, 
and since the reciprocal of a number multiplied 
by the number is equal to I the two lengths of 
the scale must be equal to 1 or 10 , i.e. the total 
length of the rule. 

(vi.) Cubes and Cube Roots. —The cube of 
a number is obtained by finding the, square 
as previously described, and multiplying it by 
the number itself; or, as follows, which is 
similar, set the left-hand unit of the slide 
opposite the number on 1), and opposite the 
number on B read the cube root oil A. 

A simple alternative method is to invert 
the slide so that scale B is adjacent to scale 1). 
Find the number of which the cube is required 
oil each of these scales, and set the divisions 
to coincide, then opposite the unit of the slide 
the cube will be found on scale A. 

The cube root is obtained by locating the 
number on A with the cursor and adjusting 
the slide so that two numbers of the same 
value appear at the same time, one on the 
scale II under the cursor, and the other on 
scale 1) under the left-hand unit of scale C. 
Simply the reverse of the cube method. 

An alternative method bv inverting the 
slide as described above is perhaps more 
simple. .Set the left- or right-hand unit 
opposite the number on A ; look along the 
scales B and I), and find two numbers of the 
same, value which coincide. The number 
found is the cube root. For example, to find 
the cube root of P4, invert the slide, set the 
unit of the slide (the right-hand one in this 
ease) opposite 04 ; by glancing along the two 
lower scales* it will be seen that divisions 
marked 4 coincide ; 4 is then the cube root. 

(vii.) The Fourth Power and Fourth Root .— 
The former is found by squaring the square 
root, and the latter by finding the square 
root of the square root, 

(viii.) Logarithms , Sines, and Tangents .— 
On the reverse side of the slide will he found 
three scales. The upper one, marked S, gives 
values of sines; the middle one, marked L, 
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the mantissa of logarithms, and the lower | 
one, marked T, tangents. 

The scale L, it will be seen, is divided into 
10 equal parts from left to right, and sub¬ 
divided into 50ths, and represents the mantissa 
of logarithms of the numbers found oil scale 
D, to which they can be related by means of 
the lower reference line in the right-hand gap 


which power and root calculations can be 
made with one sotting of the slide only (see 
“ Log-log Rules.” 

(xi.) Cubing Hides (Fig. 48).—The Reitz rule 
is an example of this type and has, in addition 
to the usual scales. A, B, C, and 1), a special 
scale arranged along the top edge above scale 
A, which is equivalent to three times the 
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at the back of the rule. Thus, to find the | 
logarithm of 4, set tho left-hand unit of the | 
slide opposite 4 on scale D, turn the rule over, I 
and opposite the line in the gap read -002 on 
scale L. This number is the. decimal part or i 
mantissa of the logarithm. The characteristic I 
according to the rules of logarithms must of 
course he added. 

(ix.) Sines .—Bv the use of the scale S the 
numerical value of the sine can be obtained for 
a given angle, or conversely the angle from the 
value of the sine. To find sine 30°, set 30 
on scale S opposite the mark in the gap, 
turn the rule over, and opposite the right-hand 
unit of A read -5 on B. 

An alternative method enabling sines of 
angles to be read of! direct is accomplished 
by turning the slide over so that sine scale 
lies along the scale A with the end units 
in coincidence. It will then he seen that 
values of the sines arc given on A opposite 
the angles on the sine scales, and rice versa. 

(x.) Tangents .—Tangents may be found in 
a similar way to sines, described above, by 
using the I$ft-hand gap and the scale marked 
T. For example, to find the tangent of 30°, 
set the 30 on scale T opposite the line in the 
gap, turn the rule over, and read the value 
•577 opposite the left-hand unit of D on scale ('. 

Rowers and roots other than those of the 
simple forms already described can l>c calcu¬ 
lated with the slide, rule by the application of 
the ordinary logarithmic principles for power 
and roots. Thus logarithmically, to find- a’ 1 , 
multiply the log of a by n and delogarise the 
product, and find the number of the logarithm 
obtained. Similarly, to find n \ a x, proceed 
as above by dividing by n instead of multiply¬ 
ing. This process can be worked out on the 
slide rule by using the L scale in conjunction 
with scales C and I). It involves, however, 
several re-settings. Rules arc now made, 
however, with additional scales by means of 


lengtli of scale D, thus enabling cube and cube 
roots to be read directly by means of the 
cursor, using scale I) similarly to the way in 
which it. is used with scale A for squares and 
square roots. 

A scale, similar to the L scale on the 
hack of the ordinary slide, is provided 
along the lower edge which gives the 
mantissa of the logarithms of the numbers 
on scale l). 

(xii.) Fuller's Slide Hide (Fig. 40). —This rule 
is in cylindrical form, and the logarithmic scale 
is marked helically on the surface of the 
cylinder, and is equal to a straight slide 83 feet 
long. Multiplication, division, involution, and 
| evolution can he per- 
' formed with great 
accuracy, the results 
being read off to four 
places of decimals. 

Referring to Fig. 

40, it will be seen 
that the cylinder A, 
on which the scale is 
marked, is mounted 
on a sleeve to which 
is fixed a handle B 
and pointer 0. The 
cylinder is free to 
rotate about or move 
up and down the 
sleeve. 

Fitting and sliding 
in the sleeve at the opposite end to the 
handle is a plunger carrying a pointer 1). 
The readings are obtained by means of 
the pointers C and I). For example, to 
calculate fix 8-^2, set the pi .inter C to fi 
on the spiral, then move the pointer 1) to 
the denominator 2, slide the cylinder until 8 
appears under the pointer 1), and read the 
answer on the cylinder under the pointer C. 

The Tiiicheks Role (Fig. 50).-—This in- 
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or rice ver-w. The weights are rectangular 
blocks of lead eased in mahogany or covered 




Km. 51. 


Fig. 50. 


The lower edges of the triangular bars are 
marketTwith scales similar to the core and 
on the upper edges scales of square roots are 

"^0 triangular bars are fixed to rings< which 
rotate in the supports at each end The urn 
is free to rotate and move longitudinally 
the frame. Thus the scale on the bars can 
be brought in view, and any line on the slide 
brought opposite any hue on the frame. 

Spunks and Wmights 
These are used for drawing large irregular 
curves, more particularly of the type met with 

1,1 The’ splines" or battens, as they are some.- 
times called, are long square strips of » ’ 
wood of varying siv.es in lengths from >■ 

. 8 feet, ami from •" to »/ square. A set is 
usually made up of about 75 sums lire »pHu s 
arc also made to taper uniformly throughout 
their length or from tire centre to each end, 


with leather. The base at one end has a 
pointed tongue with which the splines are 
pressed into the desired shapes. a. t. 


See 

See 


4 Draughting 
• Draughting 


D it ah a 11 ti n o Mac ii i n ks. 

J)evices,' 1 p. 26.‘i. 

Draughtsman's (Ttuvks. 

Devious,” p. 204. . 

Dkawiwi Soai.es. See •• Draughting Devices, 

Duaw IM1 Taiii.es. See •• Drauglitmg Devices,” 

p. 200. 

Figuring of tolerances. Sue Metrology, 

X. 5 (37) (hi.)- ' 

Marking nf. See ifnW. X. § (37). 

Method of indicating accumulation ol 
tolerances. See ibid. X. § (37) (tv.). 

Drops OK Water. Metkorolooioal Keeeots 

0K . Sec “ Meteorological Optics, ^(14)- 

DrrKiV.i.vi's Method vor Measurement ok 
Gravity at Sea. Sec ” Gravity Survey, 

Dynamical Theory ok Tides. See "Tides, 
and Title I'redietion,’' § (•>)- 
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EARTH, THE MEAN DENSITY OF THE 
8 (l) The Oobstant ok (.Iiuvitation.-WMIo 
geologists and others may have some km 
of parochial interest, in knowing that the t ai 
contains a little more than 5* tunes as - 
matter as an equal volume of distilled ate 
of its normal density, the real interest o he 
physicist is directed not towards this I gnre 
at all but to the fundamental constant of 
universal gravitation °f which the figure isa 
mode of expression. Thus, umlei the laws 
of gravitation as formulated by Newton, the 
orbits of planets round the sun or of satellite, 
round their respective planets, or ™ tl “ r 
common centre of gravity of each f' 

the data from which the relative masses of 
the planets and sun may be determine but 
no amount of astronomical enquiry will hi 
!n the one unknown, the absolute mass 
any one, or what comes to the same thing, the 
value of the constant G ill Newton s equation . 

Mm 

Force of attraction 


where M and « are the respective masses of 
. „f bodies, small compared to thill 

dn'ancc apart or spherical in form, and d is 
the distance between their centres all «P'«•-<.' 1 
in consistent units. In order to hud <•»» 
constant G, experiment must be made m wI t li 
M, and the force of attraction can al be 

ascertained. Then knowing the acceleration 
„f a falling t»'dy at the earths surface, or 
of the moon towards the earth, and taking 
account in tile former case of the corrections 
duo to the elliptic form ami centrifugal force 
I lind distance to the earths centre the 

1 Mil ( mass and consequent mean density 
follow by calculation, and so, as stated above, 
this is a mode of expression for the constant 
of gravitation. 

(i) Mountain Obncnutiv hi. -There are two 
distinct ways of approach to the «penmentM 
solution of the problem. That pracit, ed hret 
bv Bougucr on Gliimbornvo, M.iskeljmo and 
Hutton at Schiehallinn, dames at Arthis 
Seat, and others, depends upon the summon 
that an isolated mountain may be treatod as 
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an excrescence on an otherwise homogeneous 
earth, or if not homogeneous and smooth, 
other local variations are as far as possible 
allowed for. Then a zenith instrument, set 
first to the north and then to the south, will 
have the direction of the vertical disturbed 
by the attraction of the mountain as a large 
independent body, making the apparent 
difference of latitude greater than that found 
b}' surveying. Data so obtained would, if the 
method were suitable, provide the means 
whereby with much calculation the mass of the 
earth and of the mountain could be compared, 
and so from a study of the mountain the mass 
of the earth could be ascertained. 'The trouble 
is, however, that the study of a mountain at the 
best leaves some doubt as to its geometrical 
and mass constant, and the supposition of a 
homogeneous earth or, what is sufficient, of an 
earth composed of homogeneous concentrie 
shells is not justified. Mountains may be 
supported in whole or in part by material of 
lower density below than that on either side, 
giving rise to a kind of hydrostatic equili¬ 
brium and not requiring other support. In 
such ease the attraction due to the mountain 
may he in part balanced by a diminished local 
attraction below. Besides this the homo¬ 
geneous shell structure irrespective of the 
mountain may not exist. It follows therefore 
that, knowing the constant of gravitation 
from laboratory experiments, experimental 
comparison between a part of the earth and 
the rest of the earth mav be used to get some 


structure could be relied upon, experiments 
of the kind would lead to good determinations 
of the mean density owing to the great 
accuracy with which the period of a pendulum 
can be determined, but the same general 
uncertainty as to local variations of density 
detract from the value of such measurements, 
and they will not lie described further. They 
arc discussed in Pointing's monograph 1 and 
by Burgess. 2 

For tehe same reason the experiments of 
Carlini at*Mont Denis, 1821, and of Mendenhall 
at Fujiyama, 1880, i.i which the period of an 
invariable pendulum is observed at the summit 
and foot of the mountain, arc only mentioned. 

(iii.) Laboratory Experiments .—The second 
way of approaching the problem, now generally 
considered that most likely to give good 
results, is—on paper— the simple and obvious 
one of observing in the laboratory the attrac¬ 
tion / between two masses at a known distance 
apart. If these are homogeneous spheres 
of masses M, in and the distance between 
their centres is r, (.1 is found at once from the 
equation 

" £• 

i.e. if all the units employed are consistent. 
The difficulty of measuring this force, however, 
depends upon its extremely small value. 
Taking all the apparatus of the physical 
laboratory in which small forces or couples 
are measured, such as galvanometers, electro¬ 


idea of local density, but it is of little use to 
find the mean density or the constant of gravi¬ 
tation, and it manifestly cannot be used for 
finding both local and mean density. For 
this reason it appears to the writer unneces¬ 
sary to enter into more details of these experi¬ 
ments. 

(ii.) Colliery Experiments .—Another class of 
experiment is best known in relation to Airy’s 
researches at the llarton Colliery in 1854, and 
repeated by Von Sterneek with an invariable 
pendulum at Pribram in 18,S3 and at Freiberg 
in 1885. In these the value of <j is found by 
pendulum experiments at the surface and 
again at a considerable depth in the mine. At 
the surface the whole earth attracts the pen¬ 
dulum at the whole radius for distance; 
in the mine the spherical shell exterior to the 
pendulum has no action on the pendulum if 
homogeneous but the pendulunv is attracted 
as by a smaller earth at a smaller distance. If 
the whole earth were homogeneous in density 
the attraction would be less in the ratio of 
the two diameters, but as the density of the 
interior of the earth is much greater than that 
of the surface, more is gained by being nearer 
the smaller and denser inner sphere than is 
lost by the elimination of the outer shell. 
It is evident that if the homogeneous shell 


i meters, which are generally considered delicate 
instruments, no precautions whatever are 
taken f o allow for or avoid changes of distance 
between the moving and fixed parts resulting 
from a deflection and the consequent changes 
in the gravitational attractions, simply because 
these are immeasurably small in comparison 
with the forces or couples which the instru¬ 
ments are designed to measure. 

1 r,\ all eases where these forces have been 
measured in the laboratory some form of 
balance has been used. If the axis of rotation 
is vertical a torsion balance, if horizontal a 
true gravity balance, and in the latter •case 
the arm of the balance may be horizontal 
as in an ordinary balance or vertical as in a 
, metronome. 

! § (2) The Torsion Balance. The first 

laboratory instrument ever made w as designed 
and constructed by the Rev. John Michel!, who 
realised the value and appears to have been the 
inventor of the torsion method of balancing 
very tmall couples, but he did not live to 
complete it. Some, years later Cavendish 3 
altered and completed the Miohell apparatus 
and made the experiment which bears his 

1 The Mean Density of the Earth, Charles GriUln 
& Co., Ltd. 

3 l‘hi/8. Iter.. 11102, xiv. 

3 Hoy. So \ Phil. Trans., 1798. 
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name. It is interesting to note that Newton 
discussed the possibility of carrying out both 
the mountain and laboratory typos of obser¬ 
vation, but by a curious numerical blunder 
concluded that the movements to be observed 
would lie vastly smaller than as a fact they are. 
If he had not made this mistake he might 
well have applied his experimental aptitude 
to the problem, lie, however, divined that 
the mean density was likely to be between 
5 and 0. 

(i.) Ca mulish. —In the apparatus of Caven¬ 
dish a light deal lever 6 feet long, stiffened 
with wire ties and carrying suspended at its 
ends load balls 2 inches in diameter, was 
suspended by a line silvered copper wire 39J 
inchris long within a wooden case. After 
trial with wires of different degrees of fineness 
one was selected which gave a period of 7 
minutes. The ends of the lever were observed 
by telescopes in the walls of the building. 
The larger masses were balls of lead 12 inches 
in diameter suspended from a turn-table under 
the ceiling, and turned round from one position 
close to the sides of the box, where their 
attractions tended to turn the lever in one 
direction, to the other position where the 
attractions were reversed, tending to turn 
the lever in the opposite direction. The 
whole angle between l he two positions of 
rest, so found was double the angle, due to the 
attrac tion in either ease. A determination of 
the period of oscillation combined with the 
ascertainable constants of the apparatus give 
all the information that is needed to find the 
actual attraction and G the constant of gravi¬ 
tation Cavendish fully realised the impoit- 
uuce of uniformity of temperature and the 
disturbances to lie expected from convection 
currents, and he made a number of tests 
direct ly bearing on these disturbances. Caven¬ 
dish obtained twenty-nine results, from which 
ho deduced a mean value for the density of 
the earth A : 

A — 5-148 i ’033. 

The corresponding value for the constant of 
gravitation in C.G.S. units is 

(.1-6-754 .: 10-*. 

(ii.) Reich and Haihj. —The Cavendish ex¬ 
periment has been repeated several times, first, 
by Reich 1 and Baily, 2 but no improvements 
of note were introduced until Cornu and Bailie 3 
made 1 their investigations. They reduced the 
size of the Cavendish apparatus, using a lever 
consisting of an aluminium tube only 50 centi¬ 
metres long, carrying at its ends balks of 
copper of 109 grammes each. A torsion wire 
of annealed silver -1*15 metres long was used 
together with a mirror, telescope, and scale for 

1 Complex Rendtis, 1837. 

3 Ito//. Axfr. Soe. Memoirs, 1843. 

3 Comptes Rcndiut, 1873 and 1878. 


leading the movements, and the period of 
oscillation was 408 seconds. The attracting 
masses were of mercury aspirated from one 
pair of hollow cast-iron spheres to another pair 
so as to double the deflection. The spheres 
of mercury so used wen? 12 centimetres in 
diameter. By this means uncertainty as to 
uniformity of density in the interior of the 
large masses was entirely avoided and the 
movement of the mercury gave no disturbance 
to the apparatus. Cornu and Bailie discussed 
the effect, of linear dimensions on sensibility, 
and showed that in apparatus in all respects 
similar a change of linear dimensions in the 
ratio of 1 : n will increase the couple due to the 
attraction in the ratio of 1 : n b , but that if 
the torsion wire is so proportioned as to main¬ 
tain the same period the torsional rigidity 
will also increase in the ratio of 1 : n b , so that 
the deflection will be unaltered. Their value 
for A was 5-50 and the corresponding G is 
(>•018 x 1()" 8 . 

(iii.) Boys. —The Cavendish experiment was 
very greatly modified by the present writer, 4 
whose new instrument the quartz fibre (f/.r. Vof. 
HI.) is so eminently adapted for measuring the 
infinitesimally small forces due t<> the mutual 
attraction of masses of moderate dimensions. 
He showed that while with similar apparatus 
of dimensions n : 1, the angle of deflection is 
the same if the period is the same, yet it. is 
possible with very small apparatus to use for 
large masses balls enormously greater in pro¬ 
portion than any that had been contemplated 
or were practicable with large apparatus ; 
e.cj. with a diameter more than four times the 
length of the beam, instead of one-sixth of tins 
as in the apparatus of Cavendish. Then as 
such balls would act on the balls at the more 
remote end of the lever to a nearly equal 
extent in the opposite direction, he suspended 
these at a different level and so removed each 
small ball to a great extent from the adverse 
attraction of the large ball on the other side. 
With the proportions ultimately decided upon 
for the whole apparatus he calculated the 
azimuth of the vertical plane containing the 
large balls with respict to that containing the 
small, which should give the maximum deflec¬ 
tion, and used them in that position where not 
only is the deflection g'eatest and the exact 
determination of the azimuth of the least im¬ 
portance, but the period of oscillation is least 
affected by tJ»e gravitational attraction. He 
further arranged 1 luit the heavy tixed parts 
of the apparatus should be made in the form 
essentially of figures of revolution about the 
axis of suspension, so that mutual gravitation 
between these parts anti the suspension should 
have no component in the direction of motion. 

4 Ron. Soe. I'roe., 1880, xlvi. ; Roy. Soe. Phil. 
Trans. ', 1895, p. 180>; and Rapports du Congris Internal, 
de Phys. Paris, 1000, iii. 
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Also the whole of the suspension whieh was 
com]>osotl of metal was either pure gold or was 
electro-gilt, and the interior of the tube in 
which tlie suspension moved was also electro¬ 
gilt and polished. Thus no forces due to contact 
electricity could exist, and even if they did 
they would have no components in the direction 
of motion. The lever and mirror were the same 
piece of glass about 2*1 millimetres long bv (» 
wide and about .1 a millimetre thick, in the ends 
of which sharp V grooves had been cut; the 
small gold balls were suspended by quart/, fibres 
lying in these grooves and hanging from hooks 
above. Thus the azimuth of the plane con¬ 
taining the gold balls was accurately deter¬ 
mined by tlie mirror, in which a scale of oOtlis 
of an inch (£ millimetres very nearly), at a 
distance of 7000 millimetres, was read by 
means of a large telescope. Thus one division 
on the scale represented an angle of deflection 
of 7v ’ lTll , and a tenth of a division, which 
could be observed with certainty, an angle of 
or i' second of arc. The large balls were 
made of lead east and then compressed under 
hydraulic pressure in a strong accurately 
turned east-iron mould 108 millimetres in 
diameter; each weighed 7407 grammes. Any 
vacuum cavities, had they been formed, would 
have been squeezed up before the super¬ 
fluous lead was ejected in the form of wire, 
and uniformity of density was in this way 
assured. The small balls were of pure gold 
compressed in hollow steel hemispheres of 
three sizes, and they weighed 1-30, 2 05, and 
3 98 grammes. The horizontal distance be¬ 
tween the large halls was 15 centimetres, and 
this also was the vertical distance between the 
pair* of balls at the two levels. The angle 
giving the maximum couple was 05°. The 
complete period of oscillation, of the mirror j 
and small balls varied between 180 and 240 
seconds, depending upon the pair of gold balls 
chosen and quartz fibre used for suspension. 
These were 432 millimetres long and about 
g ',7 millimetre in diameter. The distance 
apart of the quartz fibres by which the gold 
balls were suspended, as also of the weres 
by which the lead balls were suspended, was 
determined by the aid of a special instrument 
called an optical compass in which two micro¬ 
scopes were made to see successively the fibres 
or wires and a very finely divided micrometer 
scale which had been verified both at the j 
Standards Office and in Professor Viriamu j 
Jones’s Whitworth measuring machine. 

The apparatus was set up by kind per¬ 
mission of Professor Clifton in a vault under 
the Clarendon laboratory at Oxford, and in 
its construction and in its surroundings was 
screened from temperature disturbances by 
multiple concentric metallic screens, double 
wood housing, and curtains to an extent that 
might seem superfluous. Convection currents 


were, however, by this means cut down to 
such an extent on good observing nights as 
not to disturb the motion by ,V, of a division 
on the scale, whieh corresponds to an air move¬ 
ment past the balls of 1 inch a fortnight. 

Nine experiments in all were made: the 
first four before the complete screening and 
other improvements in details had been 
provided; tlie last in the winter, in a hurried 
visit of one night to Oxford. The remaining 
four, which were consecutive, were made under 
favourable conditions, and in these experi¬ 
ments every variation of weight and of dis¬ 
tance and position, and of quartz fibre, was 
made. These four results were A -5-5291, 
5-5208, 5-5300, 5-5209, from which without 
any regard to least, squares, but with a re¬ 
collection of the behaviour of the apparatus 
on the several occasions, the writer concluded 
that 5-527 was the best value to be derived 
from the experiments. The other’ values 
obtained under loss favourable conditions 
were 5-5213, 5-5107, 5-5159, 5-5189, and 
5-5172. These had Imt slight influence in 
| arriving at the result given above. The 
corresponding value of U is 0-058 x 10~ 8 . 
i (iv.) Braun.— At the same time that the 
investigation last described was being made. 
Dr. Carl liraun, 1 S.J., designed and eon- 
| st rue ted with his own hands an apparatus 
j which he set up in an enclosed corner of his 
j room in the monastery at Mariascheiu, a 
! beautiful spot in the mountains of Bohemia, 
i Dr. Braun used a lover 240 millimetres long, 

I from the ends of whieh were suspended balls 
of 54 grammes. The larger halls, weighing 
9140 grammes each, ranged between 38 and 
43- centimetres from centre to centre. All 
four balls were at the same level. A torsion 
wire. 840 millimetres long was used. Dr. 
Braun introduced a now feature in that the 
moving system was carried within a tall glass 
bell making an air-tight joint with a thick 
plaV-glass base, arid he maintained a vacuum 
of 4 millimetres of mercury under the hell. The 
mirror, carried centrally below the lever, was 
inclined at 45° to the vertical, and a horizontal 
scale below was read by reflection from the 
inclined mirror by means of a telescope. Dr. 
Braun had great trouble with the want of 
perfect elasticity and creeping of his zero, 
as others have had before him, a trouble 
entirely overcome l>v the use of the quartz 
fibre. The writer therefore paid a visit to 
Mariascheiu, taking with him a number of 
quartz fibres of suitable dimensions. This 
visit, happening to be on Friday, Michaelmas 
Day, their feast day, and a fast day, was in 
other respects full of interest. l)r. Braun, 
| already advanced in years, did not live to 
j make further observations. The results ob- 

1 Denkschr. Akitd. Wins. W 'ten, Math.-Natur. 111., 
I 1800, lxiv., and Nature, 1807, lvi. 
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tamed by him were A = 5*527 + -001 and 
O=<)*058 x 10- B , identical with that last given. 

(v.) Salvo*. —Of all physicists who have 
interested themselves in this problem, the 
contributions of the late Baron Eiitvos 1 arc 
the most remarkable for the inventiveness 
and skill with which he has handled the 
balance, whether of torsion or supported on 
knife-edges ; for with the torsion balance he 
not only determined G, but observed differen¬ 
tial attraction on the balls at the two fnds of 
his lever, and with a slowly rotating gravity 
balance he has demonstrated the rotation of 
the earth. When using the torsion balance 
to find G he employed the method, used by 
Reich, of observing the period of oscillation 
when the attracting exterior masses were in 
the same plane as the. lever, so as in effect 
to add to the stability given by the torsion 
wire, and again in a transverse position when 
they acted in the opposite sense. lie was 
able wit h this device to observe the differential 
attractions of terraces and of tidal water. 
The levers used by Eolvds ranged between j 
250 and ,140 millimetres in length, and the 
weights at the ends were of 30 grammes. The 
lever was supported bv a very long and tine 
wire of platinum which had been kept stretched 
for a month by a weight nearly equal to the 
breaking weight. The lever was suspended in 
a box made with, double walls of thick brass, 
and the space in the vertical sense was re¬ 
stricted to the, utmost so as to avoid convec¬ 
tion currents as far as possible. The results 
obtained were: 

A -5 53 + *01 and G - (HJ5 x 1()- 8 . 

(vi.) liunjcss. —Burgess, 2 working in the Sor- 
bonne, devised a method intended to increase 
the angle of deviat ion possible by relieving the 
torsion fibre of quart/, of a great proportion 
of the weight, of the suspended system by 
making use of the principle of dotation, j 
For this purpose the lever carried below ,it 
a metallic cylinder wholly immersed in mer¬ 
cury, being connected thereto by a narrow 
neck which pierced the capillary surface. 
The disturbances due to capillarity were 
greatly reduced by a thin layer of dilute 
sulphuric acid. The lever had obviously to 
ho taken down outside the vessel of mercury 
to a point low enough to give stability. The 
lever was 12 centimetres long, and carried 
suspended from its ends lead balls of 2 kilo¬ 
grammes each at the same level. The large 
balls were of lead and weighed 10 kilogrammes 
each. The quartz torsion fibre had no more 
than 5 to 10 grammes to support, and so 
could be made so fine as to allow of very large 
deflections. The result obtained was A — 5-55, 
G = 6*fldxl0 -8 . Burgess found the accuracy 

1 Wit'd. A minim, 185)0. 

2 Cumptes Rendus, 1899, cxxix., and Phys. Rev., 
1902, 14. 


of the experiment limited by uncertainty of 
deflection, due, no doubt, to the action of 
the liquids. He did not determine. I he 
torsional rigidity of the quartz fibre by 
observations in the gravity apparatus, but 
independently by noting the time of oscillation 
of cylinders of such proportions as to have 
the moment of inertia the same about any 
axis and of different weights, so as to cover 
the range of stretching force applied to the 
fibre. This is, in the writer's opinion, on 
important improvement. On the other hand, 
the increase in the angle of deflection, rendered 
possible by so much buoyancy, seems to the 
writer to be undesirable if it entails, as it appears 
to do, interference with the elastic perfection 
of the quartz fibre, and unnecessary if optical 
means of observation have not been pushed 
to the furthest limit of accuracy possible. 

§ (3) Temckratirk Variations.- Poynting 
and Grey 3 have made use of a torsion balance 
somewhat on the lines of that used by the 
present, writer, in which an attempt was made 
to detect, if it existed, any variation of the 
gravitation due to the direction of the axis of 
j crystallisation in halls of quartz. For this 
purpose the larger fixed balls were kept in 
rotation so as to turn synchronously with the 
period of the lever. Jf then there were any 
variation a swing would slowly he developed, 
but none was detected, and these observers 
concluded that there can be no variation of 
as much as ,, )T) of the whole attraction. 

Dr. I\ E. Shaw 4 lias made an attempt to 
connect the value of G witli the temperature 
of the. larger body, from which, if such a 
connection were definitely established, the 
relative masses of the sun and the planets, 
derived from the periodic times of the planet* 
round the sun and of the satellites round their 
primaries in the usual way, would not he 
correctly deduced. Dr. Shaw used an ap¬ 
paratus based upon the general design of 
the present writer, hut so arranged that the 
large masses could he heated and coded so far 
as possible without, disturbance of the delicate 
suspension. In these experiments Dr. Shaw 
believed he found a temperature eoellicient 
of + 1-2 x 10‘ B per degree centigrade, (orrectcd 
in the. later paper to4-1-3 x 10 r \ This is a 
matter of such profound importance that its 
reality can only lie accepted on the clearest 
proof. Tn no other way does gravity show 
any regard to tmy kind of interference, as do 
the. other physical agencies, and it is not 
surprising that in more carefully conducted 
experiments 6 Dr. Shaw has failed to detect 
even this small effect, but is now satisfied 
that any temperature coefficient, if it exists, 
cannot exceed 2xl0*° per 1° C.; thus the 

3 Roy. .S 'oc. Phil. Trans., 1899, excii. 

4 I hid., 1910, and Phyx. Sor. Proe., 1910-17. 

4 ltoy. Sou., Abstract at Sleeting, March 23,1922. 
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conclusion that there is such a temperature 
coelhcient can hardly he accepted. 

Tt should be mentioned, however, that 
Professor Hicks 1 found that the results of 
Baily arranged in order of temperature gave 
a small steady fall of A, i.c. rise of (>, with an 
increasing temperature. 

§ (4) Tub Horizontal Balance Beam. 
(i.) Von Jolly .—The earliest of the experi¬ 
ments with a horizontal balance beam resting 
on knife-edges was made by Von Jolly” in 
1878. lie set up a balance in a tower in the 
University of .Munich, from the arms of 
which he suspended two balls, each 5 kilo¬ 
grammes in weight. These could be hung 
either directly under the balance or 20 metres 
lower down. If the ball on one side were in 
the high position and that on the other in the 
low, or if either ball were shifted from one 
position to the other, the change in distance of 
20 metres from the centre of the earth made 
a marked difference in its apparent weight. 
The observed change of 29 007 milligrammes 
differed from the calculated amount of 3305 
milligrammes, and this was attributed to local 
high ground. Then a ball of lead l metre 
in diameter and weighing 5-772 tonnes was 
built up under one of the balls in the lower 
position. The increased apparent weight due 
to this was -589 milligramme. (treat- difficulty 
was experienced from convection currents, 
and much trouble was taken to reduce these. 
Even so, observations were only possible 
when the outside temperature was fairly 
uniform. The result was : 

A - fH)92, or G-b 4(55 x l()" a . 

(ii.) Jlichurz.— Kicharz and Krigar-Menzel 3 
used a similar balance to the last except that 
the high and low positions of the suspended j 
balls, each of nearly 1 kilogramme, was a little j 
over 2 metres only. After the effect of 
changing the two halls in position, one up | 
and the other down, had been determined, I 
this being l-2452 milligramme, a cubical ; 
block of ‘lead of 109 tonnes was built up in j 
the space between the two positions, with 
fine passages for the suspending wires. After 
the block was in position the effect on the 


change of weight was more than sufficient to 
counteract the increased attraction of the 
earth on the lower ball, and — -1211 milli¬ 
gramme was observed. 1 In*, arithmetical sum 
of those two figures, 1-30(14 milligramme, is 
therefore the effect of the lead block, and 
this is four times its attraction on any one of 
the balls. The result calculated from very 
many experiments was : 

A —5-505, 0 - 0-684. 


1 Cambridge Phil. Sne. I'roc.. 18X1, v. 2. 

* Abh. (I. k. JUtyer. Aktul.H. JPi**. 14 Jld. 2 \bth., 
and Wiedemann's Ann., 1881, xiv. 

3 Sitz. tier lieH. Akad., 1884, and Wxed. Ann., 


1085, xxiv. 


The apparatus was set up in an earth-covered 
casemate in the citadel of Spandau. 

(iii.) Pointing.- Professor JPoynting 6 used 
the “ common balance ” with remarkable 
success in his well-known experiments, made 
in the basement of Mason’s College, Birming¬ 
ham. A very fine Oertling bullion balance 
was carried on girders, and below it on the 
tloor was a heavy turn-table. Prom the 
arms of the balance were suspended balls of 
21 A kfiogrammes (each about), and on the 
turn-table a ball weighing 153£ kilogrammes 
(about) was so supported that it could be 
brought- directly under cither one of the 
suspended balls. Most refined means of ob¬ 
serving the balance from a room overhead 
were provided, and of course all the distances 
were capable of exact measurement. When 
the expci iment was made certain anomalies 
appeared, which were ultimately traced to 
the effect of moving so great a weight as lo3 
kilogrammes through a distance of 1.{ metre. 
This had the effect of bending the ground and 
tilling the whole building, and with it the 
girders and balance case, and thus, even if 
the beam had not moved at all, relatively 
to the building it would have done so, and a 
spurious deflection would have been observed. 
This difficulty was remedied by extending flic 
turn-table and making it eairv a smaller 
weight of 7fiJ> kilogrammes, which, therefore, 
was far enough away from the other suspended 
ball, and sufficiently oblique in the direction 
<4 its attraction to produce a relatively small 
counter effect, which, however, was allowed for. 
The result obtained w as: 

A 5-4934, G (> 0984 , If)-". 

Wilsing 5 employed a metronome form of 
balance with a beam 1 metre long, carrying 
at its two ends brass spheres, each of .>40 
grammes, or lead spheres of 745 grammes, and 
a central knife-edge. The attracting masses 
were cast-iron cylinders, each weighing 32.> 
kilogrammes, suspended by a wire rope passing 
over ail overhead pulley. Those wen- so 
arranged that one cylinder was opposite the 
upper ball on one side wh.le the other was 
opposite the other ball on the other side. 
Then on turning the pulley the cylinders 
came into position to reverse the previous 
effect, and so the total change represented 
four times the attraction of one cylinder on 
one ball. Wilsing’x final result was: 

A = 5-579, 0^6*596x10-". 

All methods of finding A or (.} which 
depend upon a balance moving in a vertical 
plane suffer very much from inevitable 
convection currents and from expansion of 

4 lloy. Soc. Phil. Trans. A, IH!U, rlvxxfi. 

6 Pub!. Astr. PhyH. Obserc. Potsdam, 23, vi 3. 
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the arms of the balance. The knife-edge, 
wonderfully perfect as it is, is, however, also 
a disturbing factor. Then again the settle¬ 
ment of dust on the moving parts may give 
rise to slow progressive changes. From these 
disturbances the torsion balance is almost 
perfectly free so that it is certainly preferable. 
Still, in determining the value of a constant 
of such importance every method should be 
employed, and if a “ common balance ” is 
ever used again it is likely that the superlative 
micro-balance, shown at a meeting of the 
Physical Society in 1920 1 by Ur. Pettersson, 
would he the best form. In this the balance 
beam is made of fused quartz, and it is sus¬ 
pended by quartz fibres, as also are the weights 
from its ends. Such a beam and weights in 
a vacuous case would he free from friction, 
expansion of arms, convection currents, and 
deposition of dust, and, as Dr. Pettersson 
has shown, it can be made with a very small 
degree of stability. Very large weights could 
he employed as attracting weights. While this 
is possible, it does not seem to be within the 
bounds of possibility to obtain a period 
comparable in length with that easily attained 
by torsional methods, and in the writer’s 
opinion an apparatus on the lines of his own, 
but oil a lamer scale so as to reduce t he damping 
effects of the viscosity of the air, would he 
most likely to give improved results. If it 
were possible jo employ a vacuum also it 
would be an advantage. The prior deter¬ 
mination of the rigidity of the fibre -or prior 
and subsequent, by tlm method of Burgess 
would eliminate the dillieultics attached to 
the method of vibration of tin* actual suspen¬ 
sion used for the drlleetions, and the combina¬ 
tion of this with the Boys general design ami 
the Braun vacuum, if possible, seems now to 
offer the best chance of obtaining increased 
accuracy. 

§ (5) Summary of Results. 2 — 


Methods usiso Part of tub Barth 


Date. 

Name. 

Place. 

A. 

17*19. 

tfmiguer 

Chimborazo 

? 

1775. 

Maskelyne and \ 
Hutton f 

iSchirhallion 

4-71. 4-45 

| 4-77, 4-95 
( 4-84 

1821. 

Carlini 

Mont. Con is 

1854. 

Airy 

ITnrlon Colliery 

0-57, 5-48 

1855. 

James and \ 

Clarke / 

Arthur’s Scat 

5-42 

1805. 

IVehinann 

Ceroid 

0-14 

1880. 

Mendenhall 

Fujiyama 

5-77 

1884. 

Von Sternec.k 

Prihram 

4-77 

1885. 

Von fSterne.ek 

Freiberg 

6-77 

1887. 

J Yes ton 

Haleakala 

5-57 

1892. 

Bn's ton 

Miumakea 

5 14 


1 Pints. S'or. Pror., xxxii. 

* The Mean Density of the Earth, Poynting, and 
Physical Hemic, 1902, 14. 


Torsion Balance 


1798. 

Cavendish. 

5-45 

1847. 

Reieh. 

5-49 

1852. 

Reich. 

5-584 

1844. 

Baily. 

1 5-07 
\ 5-55 

1878. 

forint and Bailie .... 

/ 5-50 
' f5-50 

1895. 

boys. 


1890. 

Braun. 

. 5-527 

1890. 

But,vos. 

5-54 

1901. 

Burgess. 

5-55 


Chemical Balance 


1881. 

Von Jolly. 

5-092 

1891. 

Poynting. 

5-494 

1898. 

Rioharz and Krigar-Menzel 

5-505 


Metronome Balance 


1889. 

Wilsiug. 

5-55 


Burgess, after considering all that, had been 
done up to 1902, concluded that 5-5247 j -0014 
most nearly represented the value of A and 
U-0007 x 10 8 the value, of (J. v v . u. 


Earth, Radiation of the : 

Equivalent temperature of. See “ Radia¬ 
tion,” § (4) (i.). 

Measurement of. See ibid. § (5) (iii.). 
Wave-length of maximum energy of. Sec 
ibid. § (2) (ii.). 

Earthquakes, Knott's Theoretical Work 
on, tabulated results of. See “ Earth¬ 
quakes and Earthquake Waves,” § (<S). 

. EARTHQUAKES AND EARTHQUAKE 
WAVES 

§(I) Measurement of Earthquakes : Slits* 
moi.ouy.— In ordinary language an earthquake 
is any sudden palpable movement of the 
ground, occasioning at times great havoc and 
destruction. The origin of the shock is un¬ 
doubtedly underneath the surface; and its 
existence implies an overstraining of the 
material composing what is generally known 
as the crust of the earth. The word •• crust” 
has survived the theory which suggested the 
term ; for it is doubtful if in these days any 
one who has given real thought to the subject 
believes that the earth consists of a liquid 
interior covered by a solid shell or crust. 
The word is qpnvenient, however, when it is 
used to indicate the heterogeneous surface 
layer of the earth which is more or less in a 
state of stress and strain. 

In scientific language the earthquake is of 
much wider significance. It not. only includes 
the shakings which are felt by mankind, but 
also those far-spreading impalpable tremors 
which, by means of delicate instruments, can he 
detected and measured far beyond the region 
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wlicro the shock is felt. It was the gradual 
evolution of the seismograph and seismometer 
as delicate instruments for automatically 
recording these unfelt tremors which created 
the modern science of seismology. 

§ (2) Milne Seismoiskaph. —As early as 
18811, Professor John Milne, then resident in 
Japan, predicted that “ every large earthquake 
might be with proper appliances recorded at 
any point on the land surface of the globe.” 
Six years later a record obtained at Potsdam 
on a very delicate horizontal pendulum, which 
Von Rebcur Paschwitz had set up for measur¬ 
ing the gravitation action of the moon, was 
identified with an earthquake whose origin 
lay near Japan. This observation marked a 
new era in the development of the seienee of 
earthquakes, and in this development no one 
took a greater share, than John Milne, the 
pioneer of modern seismology. His annual 
reports to tlu* British Association on Earth¬ 
quake Phenomena in Japan from 1S81 to 
1805, followed by his Reports on Seismological 
Investigation fiom 1805 to his death in 1913, 
give in rugged detail the stages through which 
knowledge widened and deepened and specula¬ 
tion ripened into theory. 

In 1895 Milne left Japan and established 
his own seismological observatory at .Shide 
in the Isle of Wight, and in 1897 he was able, 
through the agency of the Seismological 
Committee of the British Association and with 
the help of the Foreign and Colonial Offices, to 
inaugurate a scheme whereby a special type 
of instrument was installed in many localities 
all over the globe. The observatory at Shide 
became the central office of a world-wide, 
seismic survey ; and by 1901 the main facts 
regarding the propagation through and round 
the earth of earthquake tremors were estab¬ 
lished, mainly through the labours of Milne 
himself. 

No seismometer 1 has been constructed which 
can give a measurable record of the whole 
displacement of the ground. The seismologist 
is compelled to use at least three instruments, 
each of which gives on a moving sheet of 
paper as a time graph one component only 
of the displacement -or of the velocity in 
the case of the (Jalitzin instruments. Two of 
these are generally of the type known as the 
horizontal pendulum, indicating two compo¬ 
nents of the horizontal displacement, generally 
in directions north-south an<J east-west re¬ 
spectively. The third is designed so as to 
indicate the vertical displacement. Unfortu¬ 
nately the great majority of stations are still 
provided with instruments which measure the 
horizontal components only. 

§ (3) Seismograph Records. —Records ob¬ 
tained on delicate seismographs at stations 
far distant from the epicentre of a strong 
1 'See “ Seisinotaetry.” 


earthquake have an unmistakable character¬ 
istic appearance. This had to some extent 
been already recognised on records obtained on 
the less sensitive forms of seismograph de¬ 
signed for recording pal [table movements of 
the ground in earthquake countries like 
Japan. There had been seen on these what 
Milne called preliminary tremors followed by 
the large movements constituting the main 
shock. These tremors were in the early days 
ascribed to elastic compressional vibrations 
(like sound waves in air) running ahead of 
vibratory waves of "lower transmission. 

Now in the ordinary theory of elastic 
vibrations in extended isotropic solid bodies 
two types of vibration had long been recognised 
as transmissible through the substance with 
different speeds of propagation. These may 
ho distinguished as the Compressional Wave 
and the Distortional Wave, sometimes also 
called the longitudinal and transverse waves 
in recognition of the fact that the vibrations 
in the compressional wave take place mainly 
in the direction of propagation of the wave, 
whereas in the distortional wave the vibrations 
take place in the wave-front perpendicular to 
the direction of propagation. The speed of 
propagation depends in each case upon a 
definite elastic modulus and the density of 
the material. More exactly, the squares of 
the speeds of propagation of the compressional 
and distortional waves are given respectively 
by the expressions 

/• + 4»/3 j n 
P ‘ P* 

where lc is the incompressibility or resistance 
to compression, n the rigidity or resistance to 
shear, and p the density of the material. 

When the characteristic form of earthquake 
records as consisting of preliminary tremors 
and large waves was recognised, the explana¬ 
tion which first suggested itself was that the 
preliminary tremors wero the compressional 
waves, and the more slowly following movement 
the distortional waves. But Milne’s early 
studies of distant earthquake records 2 brought 
out the interesting result that although the 
large waves wero. transmitted from the earth¬ 
quake origin to various distant stations in 
times which were nearly proportional to the 
arcual distances of these stations from the 
epicentre, this was obviously not true of the 
first preliminary tremors. In 1901, R. D. 
Oldham pointed out that the preliminary 
tremor could be separated into two distinct 
parts, which he distinguished as the first and 
second preliminary tremors. These are now 
called the Primary and Secondary Waves, 
and arc symbolised by the letters P and S. 
On every good seismogram they are clearly 
recognised (see Fig. 1). 

* Seo B.A . Report for 1900. 
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§ (4) The Primary and Secondary Waves, wave portion of the seismogram; and later 
—Thus a satisfactory seismogram obtained on investigations have fully established Milne’s 
a delicate instrument at a distance from the early conclusion that they pass round the 
origin of the shock consists of a prolonged earth with a definite velocity. An exact 
scries of complicated oscillations traced upon determination of this velocity is diflkult 
a moving strip of paper, and giving, therefore, owing to the uncertainty in identifying the 
the time graph of a component of the displace- same maximum phase in seismograms obtained 
ment of the ground; hut in spite of the at dif« ‘rent stations. With very large cart h- 
complexity of the graph the practised eye quakes, however, it has been found possible 
recognises three markedly distinct portions, to observe »-n the same seismogram a second 
The primary waves 1* enter with slump rapid succession of long-period waves reaching the 
vibrations, on which after a certain interval station after paming through the antipodes 
there is superposed with similar abrupt be- of the epicentre. From such an observation 
ginning the secondary waves S. The abrupt (bilitzin estimated the surface velocity of the 
rapid character of the. graph gradually changes long waves at 3~>3 kilometres (2-2 miles) per 
as time goes on, until the large, maximum second. 


Horizontal N-S and E-W 




movement is reached which is characterised 
by smoother oscillations of distinctly longer 
period and greater amplitude. After the 
maximum movement has been reached the 
disturbance gradually dies away, lasting in 
many cases for several hours. 

It is now universally admitted that the 
beginning of the primary waves marks the 
advent of the compressional wave coming from 
the origin of the disturbance. The sudden 
appearance of the secondary wave marks the 
advent of the distortional wave. The earth¬ 
quake shock has meanwhile set the whole 
region into vibrations, so that the surface 
at the epicentre is thrown into more or less 
violent movements which puss outwards in 
all directions over the surface of the earth. 
These surface waves form the long-period 


In his earliest endeavours to locate earth¬ 
quake origins from the seismographie record, 
Mifhe made use of the interval of time by 
which the first preliminary tremors outran 
the long-period waves; 1 hut after the exist¬ 
ence of the secondary waves was recognised 
he was able to substitute for the compara¬ 
tively vague advent of the maximum long- 
period waves the more clearly marked instant 
at which the secondary waves made their 
appearance. With the improvement of instru¬ 
mental records and the steady accumulation 
of observations from all over the globe, Ihe 
time graphs as originally constructed by 
Oldham (1901) and Milne - underwent gradual 
corrections; and, in 1907, Wieehert and 
Zoppritz, from a careful discussion of a 
1 B.A. Reports, 18'J8. * I bit., 1902.. 
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number of well - defined earthquakes, con¬ 
structed a set of time graphs which have 
served as the basis for all important work 
since then. The following table and diagram 
(Fi</. 2) will suffice to indicate the general 
character of the data. Distances from the 
epicentre are given in degrees of are, and 
the average times of arrival of the primary, 
secondary, and long-period waves measured 
from the time of occurrence of the epioentral 
shock are given in minutes. 
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The times for L, the long-period wave of 
maximum amplitude, arc calculated from 
Galitz.m’a estimate of their velocity round 
the earth. They have 
been traced to much 
farther distances than j 
the highest value tabu- . 
luted here; hut the j 
primary and secondary j 
waves have not l>een j 
clearly discriminated in | 
records obtained at J 
distances greater than I 
about 120°. These j 
numbers are averages ; and it is certain that : 
the data derived from the seismograms pro- j 
dueed by any particular earthquake would i 
frequently deviate from the means by as much j 
as a tenth of a minute. 

§ (5) Locating ax Earthquake. —When a ; 
good record is obtained at any station the j 
interval of time (S-Pj between the adv.cnts j 
of the. primary and secondary waves is im- ! 
mediately measurable, and the approximate ; 
distance of the epicentre deduced by reference 
to an extended table of the kind just given. 
The earthquake origin is therefore situated | 
close to the circle drawn on the earth’s surface 
with its centre at the observers station and 
the arcual radius deduced as above. The 
whole proeess was very simply carried out 
by Milne by means of a globe and a closely 
fitting arc with the degrees and corresponding 
times marked on it. By laying this arc with 
its one end at the Isle of Wight and sweeping 
it round in close contact with the glol>e, he 
saw at a glance the various possible positions 
of the epicentre as being those points on tho 



globe which lay at the observed time-distance 
along the arc. For most purposes this rapid 
method is sufficiently accurate, but when 
greater accuracy is required tho necessary 
calculations must he carried out by means of 
spherical trigonometry. 

If the station is provided with two seismo¬ 
graphs, one giving the. north-south component, 
and the other the east-west eotnponent of the 
horizontal displacement, and if the initial 
stage of the primary wave is well marked on 
both, it* may be possible to calculate the 
azimuth of the motion, that is, the position 
of the vertical plane containing the first 
longitudinal displacement. If this plane 
coincides with the plane containing the 
epicentre and the ray, the epicentre will 
lie on either of the two points of intersection 
of the plane with the circle already supposed 
drawn on the earth’s surface. This method 
was first applied with success by Galitzin, 
whose perfected forms of seismograph provided 
records capable of being interpreted in this 
way. The simultaneous record of the vertical 
motion seismograph may then enable the 
observer to lix definitely which of the two 
possible points of intersection just mentioned 
is the epicentre. This ideal interpretation of 
the three simultaneous records obtained at 
any one locality is in most cases rendered 
nugatory by the imperfections of the instru¬ 
mental records, or tho disturbing effect of the 
so-( ailed tremors, whose presence on the 
seismograph frequently masks tho first appear¬ 
ance of the primary waves, or the influence of 
the heterogeneity of the crust of the earth 
in throwing the displacement out of the 
azimuthal plane of the issuing ray. 

When Galitzm’s method is not applicable 
recourse must be had to the method used so 
effectively by Milne in localising earthquake 
origins over the earth’s surface. Any one 
seismogram showing clearly the advents of 
tliQ. primary and secondary w'avcs determines 
one circle on the earth on which the epicentre 
must lie. The seismographic record of the 
same earthquake obtained at a second station 
will give another circle passing through the 
epicentre. These will intersect in two points, 
one of which must he near the epicentre. 
The record from a third station will provide a 
third circle, also passing near the epicentre, 
which will then be determined as the approxi¬ 
mate meeting-point of these three circles. 

This is the one universal method of deter¬ 
mining all kinds of earthquake origins, and 
the only way of determining those which lie 
below tho bed of the ocean. In the H.A. 
Reports from 1900 to 1913, Milne, working 
along these lines, has chronicled an immense 
amount of detail regarding earthquake origins 
and the main localities in which they are 
distributed. 
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§ (0) Waves on an Elastic Solid. —In 
188.1 Lord Rayleigh showed that, at tho 
plane boundary of an otherwise infinite 
elastic isotropic solid, surface waves of a 
peculiar type would exist, having a speed of 
propagation somewhat less than that of the 
’distortiona! wave, and having the normal 
displacement at the surface about a half 
greater than the displacement parallel to the 
surface. The latter penetrates only a short 
distance downwards into the s» Sstanec, 
practically disappearing for the ease in which 
Poisson's ratio is one-quarter at a depth of 
one-sixth of a wave-length. Now the long- 
period earthquake surface waves travel with 
a speed of doll kilometres per second, and 
their period varies between It) and 20 seconds. 
The wave - lengths corresponding to these 
periods are 35-3 and 7<Mi kilometres respect¬ 
ively. If the long-period waves were pure 
Rayleigh waves started by the disturbance 
at. the epicentre, the component displacement 
parallel to the surface would vanish at a 
depth of from 0 to 12 kilometres. There is 
no doubt, however, that actually in any 
earthquake there will be displacements parallel 
to the surface at much greater depths; and, 
moreover, observation shows that the tan¬ 
gential displacements associated with surface 
vibrations due to earthquakes are much 
greater than the normal or vertical displace¬ 
ments. Rayleigh waves are no doubt present, 
but they are intermingled with body waves 
passing directly from the earthquake origin, 
or from the epicentrat region. In general 
those body waves, which are represented by 
the primary and secondary waves of the ,1 
seismogram impinging internally on the i 
surface of tho earth, or on the surface which | 
separates the more homogeneous nucleus i 
from the heterogeneous crust, will each start 
the three types of secondary waves, namely, 


! compressional and distortional waves which 
| crop out at the surface ns the primary and 
| secondary tremors. The data arc the times 
{ of transit of each of these types of wave 
j motion to given distances from the epicentre 
| of tho earthquake shock. The problem is 
I to find the paths or rays by which each typo 
; passe- and the velocities of propagation at 
different depths in the earth. 

§ (7) Waves in the Jntkkiok of the 
Eauth. —The times of transit show that the 
waves are not transmitted along the surface. 
They are transmitted through the earth by 
brachistoclu'onie paths in accordance with 
the recognised principles of wave-motion. 
R. von Kdvesligcthy 1 and M. 1*. Kudzki 2 
were among the lirst to form definitely Hie 
braehistoohronie equations suitable to elastic 
waves passing through the earth from ft source 
of disturbance close to the surface on the 
assumption that the speed of propagation 
was a function of the distance from the 
earth’s centre. To■ get an integiable form, 
the Hungarian mathematician virtually as¬ 
sumed that the elastic moduli were constant 
throughout and that tho speed of the wave 
j at any point depended only on the density. 

Kud/.ki was content to give the mathematical 
! theory without any practical application to 
i the problem of earthquakes. At that time, 

I indeed, the data of observation were too 
j scanty to permit of any accurate discussion. 

Let the earth’s radius be taken as unity, 

I the centre of the earth as origin, and tho 
radius passing through the epicentre as axis 
of reference, then it is found by the usual 
. braehistoohronie methods that the polar 
co-ordinates r, 0 arc connected by the 
equation 

r dr 

0 - i v ~v, I constant, . (I) 

./ r^r-,1- ~v 


reflected waves of the compressional and 
distortioual types, and surface waves of Hie 
Rayleigh type. When we further bear in 
mind (hat the original disturbance cannot 
be strictly instantaneous, but must have 
extended over a finite and measurable interval, 
there is no difficulty in accounting in a general 
way for the continued and complex vibrations 
which arc propagated through and round the 
earth as the result of a cataclysmic disturbance 
occurring in the earth’s crust. 

The remarkable thing is that in passing 
from the homogeneous nucleus to the hetero¬ 
geneous crust the primary and second¬ 
ary waves should to such a degree preserve 
their characteristic and distinctive properties. 
These facts seem to indicate that tho hetero¬ 
geneous crust is of comparatively small 
thickness, and that further information of 
the interior of the earth is to he derived 
from a study of the transmission of tho 


where r, the speed of propagation at position 
r, is measured in terms of the unit “earth- 
radius per minute,” and where p ; s a time- 
parameter which is constant for each given ray 
Imt varies as we pass from ray to ray. The 
value of p for the ray which emerges at 
areual distance a from the epicentre is equal 
; to dT;da, where T is the observed time of 
; transit.. This time-parameter p which defines 
i the ray is therefore known from the data of 
I observation; but, since its values depend on 
| the lirst diffidences of the times of transit 
from point to point, they must be subject 
j to greater uncertainties than arc the original 
i time determinations. 

| In the above expression the value of r ns a 
| function of r is quite unknown, and therefore 
I no direct evaluation of the integral is possible. 

| 1 Math. it. Natiirw. Bcrirkte aw* Ungarn, 185*7 xiii. 

I * Uerland’a lieifraye zur ( icophyxik , 1808, iff. 
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Tentative solutions may, however, bo obtained 
in a variety of ways. Thus Benndorf, 1 by a geo¬ 
metrical synthetic method, worked out a law con¬ 
necting speed of propagation with depth, starting 
from the angles of emergence as measured by 
Sehliiler. In a paper communicated to the Royal 
Society of Edinburgh, Knott 2 showed that with 
ir --- V 2 ( 1 - qr 2 ) t hrough the surface shell from 
r = l tor—=0-9, and with the speed continuing con¬ 
stant to all lower depths, a solution could be obtained 
in fair agreement with the data of observation. 
This paper also contained a method for estimating 
the law of distribution of seismic energy over the 
surface of the earth due to a single earthquake. 

To tin; same category of tentative solutions belongs 
the method described and graphically worked out 
by K. Wieehert in the first of a series of important 
memoirs which appeared in the Nnckrichtcn von dnr 
koniijlichcn (t'wlkcliaft dir W insert sc bnften zn OoUiwjcn 
between the years 1907 and 1914. In Memoir I. 
Wieehert gives a full discussion of recognised elastic 
theory in a form suitable for seismologieal applica¬ 
tions, and draws attention to the phenomena of the 
reflected waves at the earth’s surface (see § (10)). 

A solution of the brachistoehronic equation is ob¬ 
tained by supposing the earth to consist of a cen¬ 
tral core of constant velocity of wave, propaga¬ 
tion surrounded by two spherical concentric layers 
within each of which the rays have constant 
curvature. This is equivalent to supposing that. 
a and b heing constant in each layer, but varying 
from layer to layer, the. speed of propagation 
v can bo expressed in the form r-*=a | hr' 1 . The 
solution is carried out by an elegant geometrical 
method. In Memoir 11. which formed the second 
part of the whole paper, Zoeppritz worked out the 
time graphs afresh from the best available material; 
and his tables have formed the foundation of all late" 
seismologieal work. 

Already in 1907. however, (J. Herglotz 3 had shown 
that tile equation belonged to a type of integral 
equation which had been solved by Abel. The 
transformation leads to an equation which Wieehert 
and his coadjutors made use of in the third and 
following memoirs referred to above, though not to 
its full extent. j 

More recently, however, a complete solution has 
been obtained by direct numerical calculation based 
onlv on the data of observation, without any i 
assumption of a relation between v and r 2 or 
use of any indirect method leading to such a 
relation. 4 

Returning to equation (1) integrate half along the 
ray from r —1 to r — z, and (} — 1> to 0-~a, ,'2 ; and there 
results 

,1 dr 

5““/'/ /s , v • ■ <-’) 

J z r\ , 

Now /> is given as a tabulated function of a/2; and ' 
we may suppose the relation inverted and a/2 given : 
as a tabulated function of p, say a/2 By the 


1 See Mitt. d. Erdbeben-Kornmfusion <1. Knit'. Akod. 
d. \V 'vtttenKch. in Wien , 1900, xxix. 

* See Proc. R.S.E., 1.907-8, xxviii. 

3 Phynik(tliM?ui ZeUnchrift, viii. 145 ; also subse¬ 
quently pointed out by II. I late man, Phil. May., 
April 1910. 

* See Knott, “ Propagation of Earthquake Waves 
through the Earth,” Proc. Roy. Roc. Edin., 1918-19. 


substitution p — riv equation (2) may be put in the 
form 

/"v dp ? , 

x,» • (2) 

an integral equation of the type solved by Abel, 
V being the value of v at the surface r — 1. Tho 
required solution is 




r swp 


(3) 


in which p him become the variable, and the known 
function ftp) ia under the integral Ni«n. The solution 
may now he effected by quadratures, thus: (1) 
Tabulate the values of f(p) for a series of sullioirntly 
close descending values of p at equal intervals dp. 
(2) Choose any one for the lower limit value p, and 
tabulate the values of \'(p“- if) corresponding to 
the successive values of p. (.’I) Calculate the value 
of the expression under the integral sign for (‘very 
value of p from p to the highest value. This giu*s 
the logarithm of the distance (r) of the mid point 
or vertex of the ray for which tho parameter p has 
the chosen value p. Thus p and the corresponding 
r arc known, and v~rjq is the speed of propagation 
of the wave at the distance r from the centre of the 
earth. Also to every p there corresponds an nrcual 
distance a giving the limits of the ray whose vertex 
is at distance r from the centre of the earth. 

§ (8) Calculations of Vhlocitirs and 
Rays.— The following table gives a few of 
the corresponding sets of values of p (or p), 
a, r , R, and R being the distance in kilo¬ 
metres from the earth’s centre, and r the 
corresponding value in fractions of the earth’s 
tadins: 

'I 


I 


jParaniele 

Arena! i 
llama' *>f i 
’ IUy. ! 

Dintanro 

.f Vertex 

Spned o 
Wnve ll 

I of Hay. 

of Kay. 

thin 


- 



klll.Wl'l 

w. 

j a - ! 

r * 

K. 

V. 

f 888 

0° ; 

1 

0378 

7 18 

i 774 

134 

0971 

0194 

8-00 

; r»44 

300 

•880 

5012 

10 32 

430 

43 0 

•802 

5115 

11 90 

372 

53-0 

•752 

4794 

12-89 

355 

7 HI 

•741 

4531 

12-77 

315 

950 

034 

4044 

12-84 

258 

1220 

•512 

32(58 

12 07 

r ioo 4 

0 

1 

0378 

308 

, 1375 

13-7 

0 9159 

(5183 

4-50 

974 

300 

•88) 

5018 

5-77 

802 

400 

•818 

5210 

0-50 

: 710 

531 

•773 

4929 

0-88 

i (588 

710 i 

•739 

4710 

0-85 

j 573 

970 

(514 

3920 

15-84 

458 

1170 i 

•492 

3139 

♦>•85 


L 

The corresponding graphs giving v in terms 
of R are shown in Fuj. 3. 

Tho following empirical linear relations 
worked out by least squares for the tabulated 
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values give results for v in terms of the depth 
(D=0378- R) well within the errors of obser¬ 
vation : 



Between Limits of Depth 

Depth. 

Equal to 

7-27 | 0 0040 D 

128 and 008) Primary 

7 80 ! 0 0032 I) 

758 and 1588 j wave 

41 h0-00208 D 

78 and 078 ) Secondary 

4-39 1 0-00181 L> 

758 und 1338 / wave 


In accordance with equation ( 1 ) the path 
or ray depends on the integral 

f dr _ i dr 

j r Jr/v 2 - p l j r \V" - p~ 

The radius r having been obtained as a 
tabulated function of rj, the latter may Ik> 
obtained as a function of r tabulated for 



l<’ia. 3. 

successive equal increments dr. Choosing any 
value of 7 1 as the value p for the lower limit, 
we may work out by a process exactly similar 
to that already used successive points on the 
ray defined by the chosen value of p. The 


forms of the rays for the primary waves and 
the wave fronts for the primary and secondary 
waves. The secondary rays are not entered 
on the figure. They differ so slightly from the 



primary rays that their presence would have 
caused unnecessary confusion. The following 
condensed table gives the more important 
constants of the several rays for which the 
calculations were completely carried out. The 
quantities tabulated are : <j>, initial and final 
inclination of ray to the normal or radius; 
r 0 , distance of vortex of rav from the centro 
of the earth ; a, arc between epicentre and 
outcrop of ray on eart h’s surface; T, time of 
transit in minutes. In Fig. 4, the isochronic 
lines are numbered in seconds. 


Bays of Compressiouat or Primary Waves. 


Kays of Pistortional ur Secondary Waves. 
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IV. 
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17 2 
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57 40 
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•725 
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X. 

15 28 
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values will be found in the paper referred to . 1 
It will suffice hero to reproduce in Fig. 4 the 
1 Proc. lt.S.E. xxxix. 109-207. 


The times are worked out by a similar 
process of quadratures. 

Comparison among the corresponding num* 
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hers for the two types of wave will show how 
slight the differences are. 

§ (9) Conclusions from the Theory.— 
Ah already noted, seismograms obtained at 
stations distant from the epicentre more than 
110 ° or 120° are difficult of interpretation. 
The advents of the primary and secondary 
waves are not clearly defined, and there is 
great uncertainty in identifying either type. 
The data of observation can therefore give 
no information regarding rays which approach 
the centre of the earth nearer than about 
half the earth’s radius. Down to that depth 
the earth behaves like an elastic solid through 
which the two types of elastic waves pass 
with velocities which steadily increase down 
to a depth equal to about one-third of the 
earth's radius. At greater depths the speed 
of propagation of each wave tends to become 
nearly constant. 

The curious undulatory character of the 
rays V., VI., VII., V'lli., and JX. in the 
diagram shows that just about this depth 
of one-third of the earth's radius there is a 
tendency for a slight decrease in the velocity 
of propagation at the greater depths. The 
concavity <»f the ray towards the centre has 
this significance according to the mathematical 
theory on which the whole investigation is 
based. But, as shown by the almost straight 
line character of tlu two deeper rays, this 
decrease of speed with increase of depth must 
be very slight. 

The very rapid increase of speed of propaga¬ 
tion with increase of depth through the first 
1200 miles shows that the elastic constants 
increase more quickly than the density; 
but that as the critical depth is approached 
the elastic constants begin to slacken off in 
their rates of increase with depth and soon 
change at practically the same rate as § the 
density. This general statement is in full 
agreement with previous results. It will he 
observed, however, from the graphs of Fvj. II 
that this slackening off occurs in the distor- 
tional wave at a smaller depth than in the 
ease of the cornpressional wave. Thus gt a 
depth equal to 0-110 of the earth’s radius the 
ratio njp has become steady or is passing 
slowly through a maximum, whereas the ratio 
(& + 4«/3)/p is still on the increase and con¬ 
tinues increasing until the depth 0-30 is 
reached. Thereafter it becomes steady or 
passes slowly through a maximum. Now k 
is just about double the value of », so that 
any change in n will produce in A+4/1/3 a 
much smaller proportional change. The infer¬ 
ence is that the elastic changes which appear 
at the depths mentioned affect first- the 
rigidity and thereafter the incompressibility. 
In other words, the changing constitution of 
the earth’s material at these critical depths 
discloses itself most markedly in that elastic 


characteristic which belongs to solids as dis¬ 
tinguished from non-rigid substances. 

What seems to be indicated is that the 
central core of the earth is unable to transmit 
! the distortion;!I wave. The transition from 
| the elastic solid state to this non-rigid eon- 
[ dition will probably take place gradually ; 

! and if during this change viscosity comes 
more and more into play the loss of vibratory 
| energy of the elastic type will become more 
pronounced. Dill the change from elastic 
I shell to uon-rigid nucleus take place abruptly 
1 across a surface of discontinuity a largo part 
! of the energy would he reflected back into the 
! shell and a small fraction only get through 
to the antipodal side. Such considerations 
fall in line with the facts established by 
observation that beyond the arena I distance 
- of 110° the seismograms are meagre and difli- 
^ cult of interpretation. 

§(10) The Surface Reflected Waves.— 
The fifth Gottingen memoir on Hrdbebenwellen 
: is the work of K. Zoeppritz, L. Geiger, and B. 
Gutenberg, and strikes out on a newline of 
investigation. This is described by Zoeppritz 
in an unfinished paper written in 1908 shortly 
before his death, but not published till 1912, 
along with the continuation by Geiger and 
Gutenberg. The weakness of the methods so 
far given lies, as already indicated, in the 
j uncertainty in the values of d'V/da or p as 
used above. Zoeppritz also pointed out that 
various assumed laws connecting speed and 
, depth lead to practically the same time graph, 
and proceeded to inquire if there were no 
. other data of observation which could he used 
, for investigating more accurately the elastic 
condition of the earth at different depths. 

When an elastic wave of either type falls 
on a surface separating two media of different 
wave-moduli the incident wave gives rise in 
general to four distinct waves, a reflected and 
refracted w ave of the same type and a reflected 
I am, 1 refracted wave of the other type. 1 Thus a 
. ray of cornpressional type impinging on a sur- 
! face of discontinuity within the earth will he 
changed partly into rays of distortioiial type. 
Now the outer surface of the earth, whether 
bounded by water or by air, is a surface of 
discontinuity across which only a small frac¬ 
tion of the incident energy Within the rocky 
substance passes. Most of the energy is re¬ 
flected hack into the earth. When, therefore, 
a primary or I* wave radiating out along 
curved rays from an earthquake source 
emerges at a particular point of the surface, 

, say at 45° distance from the source, part of it 
will he reflected as a R wave at the same 
inclination to the radius and part will be 

1 See Knot.I, “ Reflexion and Refraction of Klastic 
Waves,” Trans. .Si'ismu/ts/ira/ Sarh’ttf of .fapun, 18H(5, 
ami Phil. Mint., .Inly 1899; also the. greater part, of 
Memoir I. by Wieehert, Nachrichtni d. K. (Jen. d. Witts. 
Gottingen, ’907. 
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reflected as a dintuitional wave at a less angle 1 
to the radius. The reflected P wave will j 
[»asa on through another 45° and emerge at j 
90' from the source at a time a little later 
than the time taken for the direct wave to 
pass by its path through this longer distance, | 
and the S reflected wave will emerge at a still 
further distance. Thus on a well-conditioned j 
seismogram obtained at a station not only j 
will the advents of the P and 8 waves be 
distinguishable, but possibly the waves PP ; 
and 88 once reflected from the middle of the . 
distance may also be seen somewhat later on 
the seismogram ; and even the twice reflected , 
wave PPP, and the alternating reflected 
waves PS, SP, SPS, Wiechert’s Weehselwcllen, j 
and so on. The recognition of these reflected ’ 
waves and their use in helping to determine 
the distance of the epicentre have increased ' 
the accuracy in making this determination. j 

Now Zoeppritz's new method for investigat¬ 
ing the state, of the earth's interior depends j 
on the comparison of the amplitudes of the ; 
direct and the reflected P and 8 waves as j 
shown on one seismogram. We owe to j 
Geiger and Gutenberg the working out of 5 
this method in the tilth, sixth, and seventh 
Gottingen memoirs. For many reasons 
there are discrepancies and inherent difli- j 
eultics ; hut t he evidence loads them to the j 
recognition of certain discontinuities within j 
the earth situated at definite ascertainable 
depths, discontinuities which might easily 
escape detection by consideration of the time 
graphs alone. The method has also supplied 
a corrected table of the times of transit. I 

On the theory as finally presented the earth♦ 
is regarded as consisting of a nucleus of radius • 
IlbOO kilometres enveloped by a shell whose ; 
constitution alters at three surfaces. 

The Gottingen seismologists have added ; 
greatly to our knowledge of seismology, and 
their memoirs will always rank high in the J 
literature of the subject, partly on account j 
of the great care taken to utilise the very ) 
best data of observation, and partly in virtue j 
of the mathematical skill brought to hear on | 
every branch of the subject. 

The significance and interpretation of these j 
reflected waves have also been considered by j 
G. W. Walker in a paper communicated to the 1 
1 loyal Society of London in 1917. 1 All the I 
necessary details of the amplitudes of the * 
various typos of reflected wave at different { 
angles of incidence of a wave of each type are ! 
worked out afresh in accordance with the 
recognised theory of Elasticity; and the cal¬ 
culated values of the horizontal and vertical 
components are tabulated and shown graphic¬ 
ally in a form convenient for use. The times 
of transit of the several types of reflected 

* “Surface Reflexion of Karthquukc Waves,” Phil. 
Trans. Series A, 1919, cexvill. I 


wave (PP. 88, PS, SP, etc.) and their associated 
surface effects as given by theory are com¬ 
pared with the corresponding quantities do- 
duciblo from well - conditioned seismograms 
supplied by Galitzin instruments. There is 
fair agreement in some respects but not in 
other? Certain discrepancies in the times of 
transit and in the angles of emergence might 
be. removed by suitable correction of the time 
graph, as previously pointed out hv tho 
Gottingen seismologists. The correction sug¬ 
gested is to depress the ordinates of the time 
graph, that is, shorten the times of transit for 
distances between 2000 km. and 0000 km. 
(180° and f>4° respectively). In the compari¬ 
sons made by Walker the condensational 
reflected waves show best agreement, and the 
alternating reflected waves worst. Theoretic¬ 
ally the PS and SP waves reach a given 
observing station simultaneously. Otherwise 
they are quite different; and then interference 
will produce a resultant effect difficult to 
analyse. Walker shows, however, that these, 
two simultaneous effects may he separated by 
means of the vertical component, if the angles 
of impingenoes are known. He concludes that, 
although quantitative analysis of reflection 
theory on simple lines has removed a number 
of difficulties that have hitherto attended 
interpretation of seismograms, there are still 
difficulties to icsotve. The desideratum is a 
more profound study of the propagation of 
disturbances through the earth, and (in 
particular) of the reflection of waves from a 
variable layer of thickness comparable with 
that of the earth's crust. 

In a later paper Walker 2 shows how the 
assumption of a deep focus may explain some 
of the difficulties referred to above. 

<’. <}. K. 

Ecckntkolin rad. See ** Draughting Devices,” 
p. 270. 

Eddfrs in tiik Ant. An eddy is a circular 
motion produced when a fluid flows past an 
obstacle. At the side of a projecting rock 
i.i a stream, or at a ship’s aide, eddies show 
as little whirling dimples oil the surface 
of the water. Similar eddies form in the 
atmosphere, the friction at- even compara¬ 
tively smooth ground being sufficient, to 
account for their formation. Normally the 
eddies in the atmosphere are invisible, hut 
smoke, dimt, or leaves will make them 
visible. They are seen to consist of rotary 
motion about an axis, which may he 
horizontal, or vertical, or may he inclined 
at any angle to the horizontal. Near an 
obstacle, the flow of air produces a succession 
of eddies which are formed, detach them¬ 
selves from the obstacle, move away, and 

a “Tlu> Problem of Finite Focal Depth revealed by 
Seismometer,” Phil. Tram. Series A, 1921, ccxxll. 
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finally disintegrate. Air is carried from 
the ground upwards in eddies, checking 
the flow of the upper current by mixing. 
According to G. 1. Taylor the size of the 
eddies is determined entirely by the nature 
of the ground, and is unaffected by the 
speed of the wind in which they form, but 
the velocity in the eddies is determined by 
the velocity of the current in which they are 
formed. 

Eddy-diffusion, or “ Drmisivrrv.” See 
“ Atmosphere, Physics of,” §§ (13), (14). 
Eddy-motion in the Atmosphere: 

Diffusion of heat by. See “ Atmosphere, 
Physics of," § (13). 

Diffusion of momentum by. See ibid. § (14). 
Equi-partition of energy in. See ibid. § (13). 
Effective Diameter of Screw : definition. 

See “ Metrology,” VII. § (23) (i.). 

Electric Currents in Atmosphere: con¬ 
tinuous currents. See “ Atmospheric Elec¬ 
tricity,” § (21). 

Electric Field of the Atmosphere, measure¬ 
ment of. See “ Atmospheric Electricity,” 
§ ( 0 ). 

Electric Types of Has Meter. See “ Meters 
for Measurement of Coal (las and Air,” § (5). 
Electrometer, The Pocket: an instrument 
depending on the quartz fib^e. See Radio- 
mierometer,” etc., § (5). 

Elliptical Trammel. See “ Draughting De¬ 
vices,” p. 270. 

Enercy: 

Kinetic : 

Of the general circulation of the atmo¬ 
sphere. See “ Atmosphere, Thermo¬ 
dynamics of the,” § (9). 

Of cyclones and anticyclones. See ibid. 
§ ( 20 ). 

Thermal, of condensation. See ibid. § (3). 
For energy equations in thermodynamical 
processes. See ibid. IV., V., and VI. 
§§ (18), etc. 

Engineers’ Scales and Gauges. See 
“ Metrology,” VI. § (17). 

Entropy : 

Calculation of, from pressure and tempera¬ 
ture. See “Atmosphere, Thermodynamics 
of the,” § (19). See also Vol. I. 

Definition of. See ibid. § (19). 


Fata Morgana. The name given to mirages 
in which there is considerable distortion and 
repetition of the images. See “ Meteoro¬ 
logical Optics,” § (10). 

Field Astronomy and Astronomic Atmo¬ 
spheric Refraction. Sec “ Trigono¬ 
metrical Heights,” § (9). 


Isentropic equations for dry and saturated 
air. See ibid. §§ (19), (21). 

Entropy, Realised : 

Calculation of, from pressure and tempera¬ 
ture. See “ Atmosphere, Thermodyn¬ 
amics of the,” § ((>). 

Definition of. See ibid. § (0). 

Distribution of, in the upper air over the 
globe. See ibid. § (0), Fig. 9. 

Distribution of, in high and low pressure. 

See*' 'ibid. § ((>), Fig. 10. 

Relation of, to convective equilibrium. Seo 
ibid. § (14). 

Value of, for saturated air. See ibid. §§ (22) 
and (23), Table VI., Fig. 10. 
Entropy-temperature Diagram, construc¬ 
tion of, for dry and saturated air. See 
“ Atmosphere, Thermodynamics of the,” 
§§ (22) and (23), and Figs. 10 and 17. 
Equation to Scale : expression of length of a 
line standard. See “ Line Standards,” § (3). 
Kquilirrium Theory of Tides. See “ Tides, 
and Tide Prediction,” § (4). 

Error, The Nature ok: the difference 
between an assumed or observed value, 
and the true value. See “ Observations, 
the Combination of,” § (2). 

Errors, absolute, relative, and proportional 
in metrological work. See “ Metrology,” 
U. § (5) (iv.). 

Symmetrical and asymmetrical, in obser¬ 
vational work. See ibid. § (5) (v.). 
Errors, The Law of. Sec “ Observations, 
the Combination of,” § (3). 

Deductions from. See ibid. § (4). 

Errors of Screws. See “Metrology,” VII. 
§ (24). 

Escapement, Gravity. See “ Clocks and 
Time-keeping,” § (9). 

Escapement and Maintenance. See “ Clocks 
and Time-keeping,” § (7). 

“ E/iction ” of Air in Atmospheric Con¬ 
vection : definition and experimental deter¬ 
mination of. See “ Atmosphere, Thermo¬ 
dynamics of the,” § (17). 

Expansion. Explanation of term “ thermal 
coefficient of expansion,” and its application 
in line standard work. See “ Line Stand¬ 
ards,” § (1) (iv.). 


- 

Fits for Interchangeable Work: defini¬ 
tions: “clearance,” “transition,” and “inter¬ 
ference.” See “ Metrology,” § (29) (iii.). 

Flank of Screw Thread: definition. See 
“ Metrology,” § (23) (i.j. 

Fog, Translucenoe of. See “ Mcteoro* 
logical Optics,” § (lb) (iii.) and (v.). ^ 
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Fun-now: a white rainbow produced by 
drops tun lor 0 1 mm. in diameter. Soo 
“ Meteorological Uptieti,” $§ (14) and (16) 

Fi'iliX - wjsi*. See '‘Atmosphere, Thermo¬ 
dynamics of the,” $ (22). 

Forbca^t. A statement t>f tin* weather to 
In: anticipated during n Riven interval in 
the near future, l siucd on the study of the 
synoptic chart and any other available data, 
A forecast includes a statement of ; 

(1) The direction and force of the wind at 
the ground and Jit imalerale altitudes, and 
the changes anticipated during the jx iiod 
divert'd by (lie f«recant, 

(2) The run omit ami nature of cloud 
(whether high or low), precipitation, tem¬ 
perature, and visibility. 

(‘0 Any nnnaiial occiirremv, such as 
bin Men fr<wt, fog, or tlmndcMtomiH. 

The fori'easier bases Ids predictions on the 
changes in pressure distribution indicated on 
his synoptic chart, combined with llm use 
of olwcrvations of upper winds, temperature, 
i«id humidity. Although the general prin¬ 
ciples of forecasting weit laid down in a fairly 
definite form by Abereroiiibv. a considerable 
nimiimt nf experience is necertunry before a 
trirecuHtf.i' can inteipn-l with any degree of 
certainty the changes shown on the synop¬ 
tic chart, and the name can be said of 
the interpretation of up]ier air data. The 
fH'l'iisl for which a forecast can be reasonably 


made varies considerably. W hen an anti 
cyclone, is settled over the cmnitiy, it is 
frequently possible to forecast the weather 
for three or four days ahead, but at limes 
when the Westerly type prevails, secondary 
depressions come into existence and move 
m rapidly that it is only jioiwililc to forecast 
the details of the weather a few hours ahead. 
FoKBCASTlNU : 

General principles of. Hce “ Atmosphere, 
I'hysUa uf," $ 

Norwegian metlimls of.' Sec ihiti. jjj (21). 
I'VuiTix iiARoMUTivft. See " Hamm etc m and 
Manometers," $ (3) (i.). 

Modifications of; the mountain barometer. 
Sen fWd. ij (3) (ii.). 

Fromlutv in setting Up and reading. Sis 1 

Fonn Mktuk Com I'aiutous, Set* ‘'Com¬ 
parators," § (h). 

Friction in tub Atmos fW'.n k. Sen “Alan*- 
sphere, J*liyeics of," § (I I). 

FmrtiOM amp Fhiitiom.I'^i MimosH is 
MjlCMIan tS^i. See “ Metrology," j; (34) (iii,). 
Fuktion-rotatixo : use of friction wheel 
in Mechanism, See " Metrology,” § (34) 
(iii.), 

KinjL Uiamktbk of Rtrkw: definition. See 
° Metrology," $ (23) (i.). 

Frsuu Hi MCA; its cuefllment of expansion, 
Mutability for use as material uf line stand' 
aids. Sec " Lino Stand aids,” $ (ii) (i.). 



— ( 
• 

(■Al.iTZtN SiJI8IHf»M]4TRK. See li SciHlUi>11!<*tr V*' \ 

% (21 AJ«l(d). ' ; 

Gaia’anomutkh, Kintiioykis, Adaptation op, 
t*> tji«. Mmpuri'immt of aubdivixii*na of 
(ho si'ioiut, See ''(Imikii iut<i Tinu;-li!'f;;i* 

S < lr >)- 

(aAW, Df.NMTY (>P A : 

lH'ri]iiu<'<l by iihmiis of 11n' triiiTivlKklatuiu. 

*SlT, l ' IllliUKTH," $ {IS) (Li.}. 
iMennined liy the met In id* of ttchlorwing, 
»i:U|urn id fliuI Toiirpnuul, rind Thrclfall. 
Sen ibid. L; (1H) (iii.). 

Delerm fried hy weighing the contained 
in. n, globe of prortoleiniiiuxt capacity. 
Son ibid. §(18) (i.K 
tiAS l^'RKiTKa. Hoc w Volume, 

»f ” i (23), 

Oas Muter*, See Mctera for Measurement 
of Goal 0;w and Air,' 1 § (l). 

Caootc Comparator: 

I firth ** Minimotw.” Soo. " Gauge*,” § (HI). 
“Iitwl" ty |jo for cud-panics. Sen j hid* 

i m. 

M Ppertwioh ” fluid typo. See ibid. $ (HO), 
S|H*['i>d end-measuring comparator of high 
unossitivity. See ibid, § (H2). 


i 
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GAUGES 

i. Tyi'jss or Gauges iwkd is Engineering 
Phactu n l 

JimiAULY awaking, gaugca may be divided 
into two chujae#; 

A. Limit Ganges. 

Ik Standard Gauge*. 

The former arc used hy the mechanic 1 and 
the inspector lc> test whether the work being 
produced is with in (ho t>]KHificd limits. 
Standard gauge* nerve fur reference pur pones 
in checking the accuracy of limit gauges, and 
also for setting tip and tenting the accuracy 
of micromotor*, measuring machines, and other 
gauge -measuring instruments, 

1 The ant W wtslifri to aelmnwlodge his liNkbh'd- 
ru'As to tlvc fnllnwtus tkrrxs. anil hRlivhlniUs for help 
r»'iclvNl In the preparation of lli !a article : Arm¬ 
strong, Whitworth A t’ci.; BfriVIl A Klin flic Maim* 
f:M’lnrkna Co. ; Alfred llerlvTt, Ltd.; Adam lillgi-r, 
1 Ad.; i a KociM 1 OrnmiHii cl' J imtxumcnt * le Fli r*b i ne; 
New Kort.ann Machine (,'n,; Newull Lngiiiecrhig Vo.; 
Matlonal Physical Lntxmtnry ; Pratt-4 WIiMmy Co, ; 
A, A. Prcatwlch A t o,; Held Hrctliera, IAd.; Dr. 1\K. 
Sluiw ; Taylor,Taylor A* Hohson. Ltd.: I aruhrklizi' A. 
Tnnl Trust < A«.; J, riieHlrrnmn X «*n., Ltd.,; Urtllftli 
ting! wring Skmcluriifl Association. 
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A. Limit Oahoes 


g (1) Typks ok Limit (Iaijuks. —A few of the 
more rommun types are described below : 

(i .) Internal Limit Gauges : Double-entlctl 
PI U<l Gauges, Cylindrical and Splieriral-emled 
liars .— This type of f'auf'O, i'i tlie form of a 
double-ended plug 



gau g<‘, is shown 
in Fig. 1. The 
usual practice is 
to make the “ not 
go” end shorter 
than the “ go ” end. This servos as a ready 
means of distinction in use, ami, moreover, 
as the “ not go ” plug seldom enters the hole 
in the work, it does not require any large 
amount of surface to resist wear. 

The gauge shown is made solid, For larger 
sizes the gauging portions are often made in 
the form of hardened steel discs, drilled with 
lightening holes and pressed on to a tubular i 
mild steel handle. Nevertheless, above about j 
8 in. diameter, plug gauges are rather heavy j 
and awkward to use, 
so that for testing the 
larger sizes of holes 
bar gauges having 
cylindrieailv formed 
ends are often used. 
Such a typo of limit 
w ' gauge is shown in 

Fig. 2. The ends arc ground on centres, 
using a mandrel in the central hole. 

Sphorieal-cnded rods are also used for the 
same purpose. A pair of such rods, mounted 
in a suitable insulated handle, are shown in 
Fig. 3. 

The forms of internal gauges shown in 
Figs. 2 and 3 enable a test to be made on the 


means of detecting whether such holes are 
larger at the centre than towards the ends. 

(ii.) External Limit Gauges: Ring Gauges , 
Snap Gauges. - Fig. 4 illustrates the usual 
form of external limit 
gauge for plug work. Such 
gauges are often made of 
mild steel plate with 
hardened steel bushes 
pressed in. Above a dia 



Pig. 4. 


meter t.f about 3 in. the gaum; is usually 
made in "the form of two separate rings. 

Another form of this gauge is shown at A 
in Fig. it, which consists of a double gap, 
snap, or horseshoe gauge. For convenience 
this form of gauge is often made single-ended, 
as shown at 13 in the same figure. 

Such gap gauges are sometimes made 
adjustable both for purposes of taking up 


; not co ii 



o 


wear ami also for providing a means of vary¬ 
ing the tolerance between the “go” il,K l 
“ m,t go ” gaps according to the class of work 
or “fit” to he- dealt with. Fig. shows an 
adjustable snap gauge made by l/i Societ.e 
(Jcncvoise ; details of the adjusting device are 
given enlarged. The measuring faces consist 
of four hardened steel st uds I\ lifted in pairs to 
each arm of the gauge, the body of which is 
, made of east iron. The surfaces of the studs 
ar° ground accurately flat and parallel and 




hole for ellipticity. They give a more critical 
test of the work at the high end of the limit, 
whereas the plug form of “ go ” gauge, in 
Fig. 1, gives the more stringent test at the 
lower end. The rod form of gauge is the most 
suitable type for deep holes, as it provides a 


i their distances apart arc adjusted eit-lmr to 
I standard block gauges or by the use of a 
special machine manufactured by the above 
firm. The method of adjusting the studs will 
| be readily understood from the enlarged 
| detail. The shank of each stud is a good fit 
! in a hole in the gauge and is prevented from 
I turning by a key A. The rear end of the hole 
I is tapped*with a fine thread into which a split 
i nut 11 fits. This nut can be screwed up by 
| means of a special key and serves to feed the 
i measuring face forward. The stud is held 
! back on to this nut by means of a retaining 
i aerew C whose conical head fits into a recess 
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in the nut B. The effect, of tightening the 
screw' V is to pull tin* stud well into contact, 
with the nut B, and at tin* same time the 
conical head expands the nut and so locks it 
in the screwed part of the hole. Having made 
the adjustment, the space behind the, nut 
and screw is tilled with a wax seat 1) which 
prevents any tampering with the. adjust¬ 
ment. 

(iii.) Jkplh Gauge ..—One form of a limit 
depth gauge suitable for gauging the depth of 
a cavity is shown in Fig. 7. It consists of a 


flB 



t-’Ki. 7. 


rod A which passes through a hole in a collar 
B, the under side of which is faced. The 
upper end of the rod has a line l scribed round 
it, and the position of this line is noted with 
reference to two fixed lines L and 11 scribed 
on the collar, a portion of the latter being cut. 
away for the purpose. The distance between 
the lines L and 11 is equal to the tolerance on 
the depth to b(‘ tested. 

(iv.) Taper Gauges. — Fig. 8 illustrates a pair 
of limit taper gauges. The end faces of these 
gauges are usually 
finished in addition 
to the conical surface. 
In testing work the 
lit of the gauge gives 
ail indication as to 
the accuracy of the 
angle of the taper, 
and this can he 
checked more 
definitely by the use 
of some description of marking material such 
as prussian-blue paint. The diameters of the 
work are checked by noting the position of 
the upper surface of the gauge with re f c.c fee 
to a shoulder or some such definite location 
on the work. The upper surfaces of the 



gauges are shown stepped, which allows the 
work to be tested between limits. The depth 
of the step is equal to the diametral tolerance 
on the work multiplied by half the cotangent 
of the semiangle of the taper. 

§ (2) Puoi'ir.K Gauuks. -There are many 
varieties of this type of ga uge. The commonest 
type is, perhaps, the radius or 
fillet ” gauge shown in Fig. 
!). These gauges are made 
sets covering convenient 
range's of radii, the various 
plates being pinned together 
at one end and mounted in a 
suitable holder. .Such sets usually comprise 
both external and internal gauges for each 
radius. 


Q c fl 

Kio. 5). 


1 A type of profile gauge used for checking 
1 the form of the copper driving-band of shells 
is shown in Fig. 10. The example illustrated 
: shows a particularly clabor- 
, ate form of hand: in most 
cases the outline is devoid 
of any curves. 

: Another example of a 

I profile gauge is illustrated 
, ill Fig. 11. This shows a set of tem¬ 
plates for a flat-bottom railway rail. Tho 
. set, comprises three separate pieces; the 
j inner one represents tin' standard section of 
■ the rail, and the two outer pieces are counter¬ 
parts of the first. Such templates serve the 
purpose of testing not only the form of the 
rails, but also that 
of tlu*. rolls for pro¬ 
ducing them. Similar 
templates are used 
for the fish-plates of 
the rails. 

Profile gauges arc 
Pin. ii. used by placing their 

; edges in contact with 

: the work, the degree of lit. being noted either 
i by viewing Ihe junction against a strong light 
or test ini! this junction with thin metal feeler 
pieces. Strictly speaking, they can hardly be 
classed as limit gauges. 

i $ (3) Position G.uhiks. This type of 
I gauge is used for checking the relative locations 
: of different parts of a pii.ee of work or of an 
assembly of pieces. A simple example for 
. checking the centring of two holes is shown 
in Fig. 12. It consists of two hardened steel 

• pins a fixed parallel to each_ 

other in a block 6 at a dis- ^ , 

tance apart equal to the ! 

nominal spacing of the holes Q ill 
in Hie work. In order to L+i Ljl 

; allow' a certain tolerance oil pj (j 
the spacing in the work, the 
: two pins are made slightly smaller than the 
low diameter of the holes by an amount 
; depending on the tolerance. 




I'm. 10. 


A “ not go " plug gauge would bo used in 
conjunction with this gauge to check the 
diameters of the holes on the high limit. 

Fig. T.l shows a position gauge for testing 
the location of the tinte holes A, B, and (.'• 
in the fuse body shown in Fig. 14. The 
body of the gauge, which is made of cast iron, 
is bored out *to accommodate the conical 
surface of the fuse and is provided with a 
hardened steel axial pin a, which enters the 
hole A of the fuse. Two other pins b and c 
slide in hardened steel hushes fixed in the 
hoily of the gauge and in the correct positions 
to correspond with the holes in the fuse. 
Thu bushes are ground out to the same size 
for convenience in manufacture and in 
testing, the pins b and c being reduced in 
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diameter at the pointy to suit the diameters of 
the hides. 



I 

Fig. u . Fig. 14. 


The oj>eration of testing the fuses with such 
a gauge is very simple. The fuse is dropped 
over the pin a and is rotated until the holes 
B and G come in line with the corresponding i 
pins. For the fuse to be satisfactory it should « 
be possible to insert both pins into the fuse ! 
simultaneously. 

As in the case of the simple pin gauge I 
described above, the diameters of the gauge | 
pins are made slightly smaller than the ' 
diameters of the holes in the fuse in order to , 
allow tolerances on the relative position of ; 
the various holes. 

§ (4) Screw Oauuks. — Fig. 15 illustrates, 
the usual type of “go” plug and ring screw 
gauges used for inspection or workshop | 



Fig. 15. 


practice. These are made with threads having 
the standard profile. 

The plug gauges are sometimes provided 
with a plain plug at the reverse end, as shown 
in Fig. 16, having a diameter equal to that of 
the nomiual core diameter of the screw and 



Fig. 1(5. 


which serves as a “go ” gauge for that j 
element. j 

The ring gauges are sometimes made split j 
as shown in Fig. 16, a pull and a push screw j 


being provided for making the adjustment. 
This tyjK) of gauge is not to he recommended, 
since the usual results of wear is a malforma¬ 
tion of the correct thread form, and this clearly 
cannot be reotilied by any such adjustment. 

The “ not go ” gauge for screwed work 
usually takes the form of a plain plug gauge 
for the core diameter of nuts, and a snap or 
plain ring gauge for the full diameter of the 
bolts. It is also desirable to ensure that the 
threads of the work are not unduly thin, 
and for # this purpose “ not go ” effective 
diameter screw gauges are used. The form 
of the thread of such “ not go” gauges is as 
shown in Fig. 17, where the crests are trun¬ 
cated and the roots 
cleared. The standard 
Whitworth form is 
shown (lotted in this 
figure. This type of 
gauge was originated 
by Mr. W. Taylor. kio. 17. 

Various types of 

special gauges and instruments have been 
designed for testing screwed work, a few 
examples of which are given in § (40). 

The screw gauges referred to above are parallel 
on diameters throughout their lengths. Certain 
classes of screw threads, however, such as pipe 
threads and fuse body threads, are made tapered 
so as to obtain a binding lit. and ihese threads give 
rise to taper screw gauges of both plug and ring 
form. 'The threads of such gauges are often of 
approximate Whitworth form ; the centre line of 
the threads can bo square either to the axis of the 
gauge or to its tapering sides (see § (37)). 

B. Standard Gauges 

As explained in §(14), standard gauges 
are used as standards for comparison when 
making accurate measurements on measuring 
machines. At times they are also utilised in 
a direct manner when testing limit or working 
gaVigey. 

§ (;>) Standard Gauges - Those are made 
in a variety of forms, but. in every ease to a 
high order of accuracy. 

(i.) Standard Flag and King Caugw - The 
first useful type is the cylindrical form, shown, 
in Fig. J 8. Such gauges arc made up to 8 in. 




Fig. 18. 

in diameter, but they arc not commonly used 
above about H in. The gauges aro cither 
case-hardened or hardened right through, and 
their working surfaces are ground anil lapped 
to a high polish. 
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The fit of the ring gauge on tho plug should 
be slicit that the two gauges will assemble 
without forcing, and without perceptible play, 
when the working surfaces are clean and free 
from any trace of grease. The presence of 
grease or any lubricant will mask any slight 
play which may exist between the two gauges. 
Moreover, if the gauges are lubricated it is 
often possible to insert a plug into a ring of 
slightly smaller diameter. The explanation is 
that ring gauges are almost invariably bell¬ 
mouthed to some extent and plugs* tend to 
be slightly smaller at the ends, with the result 
that a very slight wedging effect arises on 
assembling the gauges, and this can easily 
cause the ring to stretch without any undue 
axial force being applied. This stretching 
of the ring can be definitely proved by using 
a ring gauge which is ground on the outside. 
External measurements of the ring when in 
the free state and when assembled on a plug 
will indicate the amount of distortion. 

When the surfaces of both gauges are highly 
polished it is possible to obtain a wringing 
lit between the pair. Tho gauges can be 
assembled after lubrication and will remain 
free so long as one is kept in motion relative 
to the other. If allowed to rest for only a 
moment the gauges will seize, and they can¬ 
not be separated except by tapping or forcing 
apart, with the result that the clinging surfaces 
arc more often than not severely damaged 
in the process. 

In using plug gauges as standards for 
purposes of comparison, it is usual to standard¬ 
ise them locally so as to avoid the effect of 
even slight variations which may occur in 
the size of the plug at different parts. A 
convenient location for the standardisation 
is half-way along the length of the wanking 
surface and across a diameter parallel to a 
flat, on the handle. 

{Standard plug gauges are usually made 
correct to size to within ± 0-0001 in. for siJes 
up to 2 in., the allowable inaccuracy increasing 
to i 0-0003 in. for S in. gauges. 

(ii.) Standard Etui Gauge* : Bar*. — The 
second type of standard gauge is the form most 
frequently termed end gauges. These gauges 
are made from steel bar and may be hardened 
throughout their length or only at the ends. 
Fig. 19 shows the Whitworth and Ncwall 

Whitworth End Gauge 

(E <°) 


Newall End Gauge 
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types of end gauges. The former are made 
in | in. square section with the corners rounded 
off and the ends ground down to £ in. diameter. 


I The end faces are flat. The Newall gauges are 
I in the form of cylindrical bars varying in 
1 diameter from £ in. to •[ in. according to length. 
| They are slightly bevelled off at the ends, 
j which are finished flat. The gauges are 
j usually fitted with ebonite sleeves to minimise 
j tho thermal effect due to handling. This type 
I of gauge is made up to a length of 72 in. 
j Except in the case of the shorter lengths, 
i these gauges are hardened only at the ends. 

| The end measuring faces of such gauges should 
1 be not only flat but also parallel to each other 
and accurately square to the axis of the rod. 
The latter condition is essential, as with the 
longer gauges it is necessary to support them 
! on vee rests during the measurements. It 
is a fairly easy matter to adjust the height of 
■ the rests so as to bring the axis of the gauge 
parallel to the bed of the measuring machine, 
but unless the faces are square to the axis, 
an incorrect measurement of length will be 
j obtained. 

End gauges arc ‘also made with spherical 
faces, as shown in Fig. 20, the radius of eurva- 
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ture of the faces being equal to half the length 
of the gauge. Gauges with this type of 
measuring face lend themselves readily to a 
process of building two or more together to 
make a long length. This method usually 
’introduces errors when applied to Hal-ended 
j gauges owing to slight lack of parallelism or 
squareness of the fiat faces. 

| When measuring spherical ended gauges 
; uixhfr pressure, care should be taken to allow 
j for the elastic compression which takes place 
| at the local contact of each spherical face with 
I the tlat faces of the machine (see § (10)). 

(iii.) Standard End Gauge* ': “ Blurt:” Type. 
—One of the most useful tspes of standard 
gauges both from the point of view of accuracy 
and adaptability is the type introduced by 
Messrs. (.’. E. Johansson of Sweden about ten 
years ago. These gauges are made in sets, one 
of which is shown in Fig. 21. Tho particular 
set. illustrated, which was made by Fitters Ven¬ 
tilating and Engineering Co., Ltd., comprises 
Si gauges ranglhg in size from 0*05 in. to 4 in., 
each gauge being made of hardened steel in 
the form of a rectangular block. Each block 
has two opposite faces highly finished, tho 
surfaces of these faces being optically flat and 
parallel to within 0-00001 in. The maker 
guarantees all tho blocks under 1 in. in length 
to be accurate to size within I 0-00001 in. and 
the 2, 3, and 4 in. blocks within •]. 0-00002, 
A 0-00003, and 4 0-00004 in. respectively. 
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The standard set in inch units comprises 
the following arrangement of 81 sizes: 

0*1001 to 0*1009 by steps of 0*(KN)1, 

0*101 to O i l!) by steps of 0*001, 

0-Ofl to I O by steps of 005, 

2, 3, ami 4. 

The standard set in metric units comprises 
103 gauges in millimetre sizes as follows : 

101 to 1*49 by steps of 0 01, 

1*0 to 25*0 by steps of 0*5, 

50, 75. and 100. 

The most valuable feature of these gauges 
is the fact that it is possible to “ wring ” 


Although the presence of a liquid film is 
essential for the adherence to take place 
between the two gauges, the thickness of this 
film is very minute if the gauges arc properly 
wrung. Experiments on the measurement of 
the thickness of the film are described in 
vol. xvii. of the Travaux c.t Memoirea da 
Bureau International. The experimenters, 
Perard and Mantlet, arrived at the remark¬ 
able result that the composite length of two 
gauges when wrung together is less than the 
sum of their net individual lengths by 
0*0000024 iu. The thickness of the film 



Fig. 

two or mure gauges together by first cleaning 
them and then bringing their faces into 
contact and applying a combined sliding* and 
twisting motion. When brought together in 
such a manner it is found that the two gauges 
adhere strongly to each other and thus form 
a single gauge whose length is the sum of the 
component gauges. The adherence is due 
almost entirely to the presence of a liquid 
film between the faces. This'can be proved 
by carefully cleaning two gauges with petrol 
or absolute alcohol, after which it will be found 
that no appreciable wringing effect can be 
obtained. On touching one of the faces with 
tho finger so as to deposit a small amount of 
moisture or grease, the wringing effect will lie 
produced. Pure water appeal s to be one of the 
best liquids to give the maximum wringing 
effect. 


21 . 

« 

must necessarily be positive, but the authors 
of the paper attribute the shortening to local 
compression of the gauges at the junction due 
to the force of adhesion produced by the. film, 
and to the tendency of the faces to fit one 
into the other. Owing to imperfections in 
the final polishing the surfaces have an ex¬ 
tremely fine matt finish, and the possibility 
of two such surfaces lifting one into the other 
to some minute extent can be readily under¬ 
stood. 

The force necessary to separate two gauges 
wrung together with a tilm of condensed 
water-vapour has been found to be of an order 
of 50 lbs. weight per square inch of surface. 

Experiments on this subject have been 
carried out by Mr. H. M. lludgott, the results 
of which will be found in vol. Ixxxvi., 1911, of 
the Proc. of the Royal Society. 
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If the sizes of the gauges contained in the i 
standard inch set referred to above be ' 
examined, it will be seen that by wringing j 
together two or more blocks it is possible to i 
form a gauge whose lengths may involve four 1 
figures after the decimal point providing the \ 
length is not less than 0-2 in. Up to a length j 
of about 5 in. it is always possible to form a ! 
compound gauge without using more than four 
component gauges. Above this length, how- I 
ever, it is frequently necessary to use a larger j 
number. It is often possible to long a com- i 
pound gauge in more than one way. The j 
following table illustrates how a length of j 
2*4787 in. can be arrived at by three different i 
sets of blocks: 


•1007 

•1002 

•1003 

•128 

•1005 

•1004 

•25 

•130 

137 

2 

•148 

•141 


l 

•95 


•9 

•85 


1 

•2 

2-4787 

2-4787 

2 4787 


By wringing up three such combinations 
and comparing their sizes in a measuring : 
machine a ready check is obtained on the j 
accuracy of the 18 gauges involved. 

Besides their use as standard gauges those : 
block gauges serve many other useful purposes j 
which will be referred to later. 

Tt may be mentioned that this type of block 
gauge is now being manufactured in America 
and in England to an accuracy equal to that 
of the Swedish gauges. 

The best known of the American gauges 
are the “ Hoke ” type which are being manu¬ 
factured by Pratt k Whitney Co. These 
gauges are made uniformly 0 95 in. square j 
in section and of all lengths up to 4 in. j 
Through the centre of each block is a ] in. hole ; 
for securing caliper-jaws and other attaqji- j 
ments. Their accuracy is guaranteed to five- j 
millionths of an inch of marked size up to one j 
half inch and within ten-millionths per inch , 
of length over that size. 

A description of the method of manu¬ 
facturing the ‘ Jfokc” gauges will he found j 
in Machinery dated .June 3, 1020. This ' 
article also describes an optical method for j 
testing the flatness of the gauges. 

(iv.j N.P.L. Method of making lilock Ganges. , 
—This method of manufacturing block gauges : 
of the Johansson type was devised at the . 
National Physical Laboratory in 1017. 1 

The material used is a pure carbon steel t 
containing approximately 1 per cent of C. : 
The blanks are carefully hardened after j 
machining and their surfaces are. then rough j 

1 It is patented under the names of Sir U. T. 
Ginzebrook, J. E. Scars, Jun., and A. J. 0. Brookes. I 


ground on an ordinary magnetic chuck. To 
ensure freedom from subsequent distortion 
and change of size, the hardened blanks are 
subjected to a stabilising heat treatment. 
This treatment consists of alternately heating 
and cooling the gauges, the upper limits of 
the temperature to which they are raised being 
210°, 13070°, 40° 0. in succession ; the 
lower limit is 10° C. The gauges are then 
ready for the precision grinding operation. 
For this purpose the gauges are fixed to a 
special form of magnetic block chuck shown 
in Fig. 22. This chuck consists of a block 
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of mild steel 1 surrounded by a wood ease 2 
Each of the large faces of the block has eight 
raised facets arranged in pairs at each corner 
as shown. The eight facets on each side are 
carefully lapped fiat and in one plane. The 
two planes formed by the facets are accurately 
,parallel. The block is wound with coils so 
that one set of facets can be used us a mag¬ 
netic chuck. Eight of the gauges to he ground 
are placed on the magnetic set of facets, ami 
the chuck is placed with the gauges upwards 
or. a surface plate which is bolted to tho 
table of a surface grinder. The upper faces 
of the gauges are then “ spot" ground by 
sliding the chuck about on the surface plate 
under the grinding wheel. Tho gauges are 
then turned over on the facets, and the re¬ 
maining faces are ground in a similar manner. 
The gauges will then be in a state such that 
they are all of the same thickness to within 
a few hundred-thousandths of an inch, and 
they now require to be lapped. 

The lapping is carried out on east iron and 
bronze plates, fjie upper surfaces of which are 
charged with very fine abrasive material. ('log¬ 
ging of the plates is prevented by brushing 
them frequently with a good supply of cold 
water. The final flatness of the surfaces of the 
gauges depends upon the flatness of the lapping 
plates. These are made in threes. 'They are 
first “spot 5 ' ground on a surface grinder, as 
described above, and their surfaces are then 
finished by rubbing the plates together in 
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pairs, using a suitable abrasive between them. 
If this mutual lapping is (lone in cyclical 
order with the three plates, a high degree of 
flatness is obtained. The plates are about 
12 in. diameter, and their upper surfaces are 
machined with grooves into a chequered 
pattern for holding the surplus abrasive and 
lubricant. 

The chuck carrying the eight gauges on 
one face is placed with the gauges in contact 
with a lapping plate, and the exposed surfaces 
of the gauges are lapped down until uH grind¬ 
ing marks arc eliminated. The gauges arc 
then turned face for face on the chuck and 
the other faces arc lapped m a similar manner. 
Now, assuming that the face of the lapping 
plate is accurately flat, the exposed surfaces 
of the gauges will all lie accurately in one 
plane, but this plane may not be truly parallel 
with that formed by the facets on to which 
the gauges are wrung. In other words, tin* 
faces of the gauges may not be truly parallel 
and their thicknesses may differ somewhat. 
To counteract this tapering effect, the positions 
of some of the gauges on the chuck are changed 
in the manner shown in Fig. 23. The upper 



diagram, A, shows the original distribution of 
the gauges, and the lower one, B, the relative 
positions after the gauges have been changed. 
It should he noted that the upper gauge of 
each pair is left in its original position, but 
the other gauges are interchanged in a dia¬ 
gonal direction on the chuck*, and they are 
also turned end for end. A little consideration 
will show that this rearrange merit of the gauges 
averages out any tapering effect between the 
two planes referred to above, so that on ro- 
lapping the gauges they should arrive at a 
much closer state of parallelism than before. 
If desired, the gauges can he rearranged once 
more and lapped for the third time. In 
practice, however, one interchanging is usually 


i found to bo sufficient to render the gauges of 
I equal thickness to within one or two millionths 
I of an inch. The equality of the gauges can 
! be rapidly cheeked to one millionth of an 
j inch by the use of one of the comparators 
j described in §§ (82) and (83). The type of chuck 
j shown in Fig. 22 serves for slip gauges up to 
about 1 in. in length ; for longer gauges up to 4 
| in. a rather more elaborate chuck is required. 

It is necessary to know' when to cease 
I lapping, so that the thickness of the gauges 
1 shall bo* equal to some desired dimension. 

| The gauges are all removed from the chuck 
I when it is thought that they arc approaching 
j size, and, after wringing the eight together, 
j their aggregate length is compared with an 
appropriate known standard. This compari¬ 
son is made most readily on the “ Level ” 
comparator described in § (83). If the gauges 
are too thick, they arc returned to the chuck 
and lapped down further. This method of 
comparing the total length of the eight gauges 
against a standard, together with the method 
of obtaining equality of thickness between 
them, clearly results in a very high accuracy 
in their final individual lengths. For example, 
if a 4 in. standard gauge is provided and its 
absolute length is known to even only ± 0-00001 
in., it would be possible to produce eight 
| in. gauges which would he accurate to size 
to within one-eighth of this uncertainty, i.e. 
about 1 0-000001 in. If it were required 
to produce some 01 in. gauges, eight of them 
would be lapped up until any five, when wrung 
together, were the same length as one of the 
\ in. gauges. By this method it is possible to 
genet ate accurately the sizes for all the gauges 
comprised in the usual set of 81 slip gauges 
from a parent 4-in. standard of known length. 1 

(v.) Secondary Standard danger: Ball* and 
Roller Gauge*. — Ordinary commercial steel 
balls as used in bearings are made to a toler¬ 
ance! of +0-0001 in., consequently a set of 
si#; h balls forms an inexpensive set of secondary 
standards for workshop use. They are made 
in sizes varying from about' T to 3 in. diameter. 

When measuring steel balls in machines 
having fairly heavy pressures (such as 5 lbs. 
weight) between the faces, it is necessary 
to apply a correction to the measurements 
on account of the elastic dciormation which 
takes place at the points of contact. A 1-in. 
ball, under the pressure stated above, will 
measure small by approximately 0-0001 in., 
and in the case of an i-in. ball the difference 
is twice that amount. The general formula 
for ihe diminution in diameter duo to com¬ 
pression is jj/1V 

C—0*0000321 x P (J , 

where C is the diminution in diameter in 

1 See Report of the National Physical Laboratory for 
1921. 
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inches due to a pressure of P lbs. weight, the | snap gauge required. The inner surfaces of 
diameter of the ball being d in. I these points are lapped quite flat. Their 

Another useful combination of secondary | outer faces are accurately rounded for about 


standards is the set 
of 15 roller gauges 
supplied by the 
Hoffmann Manu¬ 
facturing Co., 
Chelmsford. These 
gauges consist of 
selected commercial 
rollers as used in 
roller bearings. 
They are guaranteed 
to an accuracy of 
•f 0-0001 in. both on 
length and diameter, 
these dimensions 
being equal on each 
roller. A set of these 
Fig. 21 
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II. Methods of measuring Gauges 
A. Limit Gauges 

The choice of instruments and the methods 
adopted for measuring and testing gauges 
depend mainly upon the tolerance allowed on 
the gauges. Generally speaking, limit gauges 
can be tested without the assistance of so- 
called “ measuring machines,” these being used 
mainly in the verification of 
standard and reference gauges. 

The following paragraphs deal 
with t he general mol hods of 
measuring the commoner types 
of limit gauges. 

§ (0) Internal Limit Gauges : 
Plug and Bar Types.—T he 
finest tolerance met with on this 
class of gauge, except where they 
are used for work of very high-class accuracy, 
is 0*0003 in. Their measurement is usually 
carried out by t he use of ordinary micrometers 
or some form of comparator, these instruments 
being set up on standard gauges. For a de¬ 
scription of various 
types of "om para- 
tors reference should 
be made to $ (SO). 

Check gauges are 
not often employed 
for testing plug 
gauges, but it is 
sometimes useful to 
form a pair of “ go ” Pio. 

and “ not go ’’ snap 

gauges from block gauges which are built 
up to represent the high and low limits 
of the gauge. Fig. 25 shows such a snap 
gauge which is formed by wringing special 
pieces or “ points ” on to the outsides of the 


half of their lengths, 
the thickness of the 
rounded portions 
being finished to 
certain convenient 
dimensions such as 
0-25, 0-2, or 01 in. 
These points will lie 
referred to again 
later in connection 
with the measure¬ 
ment of ring gauges. 

§ (7) Kxternai. 
Limit Gauges: King 
21. and Gap Gauges. 

(i.) Ring (inugca. — 
Plain ring gauges, such as shown in Fign. 4 
and 18, can be tested by four methods : 

(u) Go ” and “ not go ” cheek plugs, 

(b) Blook gauges and points. 

(r) Block gauges and cylinders. 

(if) The “ chord ” method. 

(a) A pair of plain plugs or in the ease of 
the rings larger than about 4 in. diameter 
a pair of eylindrieal-ended bars are made 
accurately to the high and low limit of the. 
ring gauge. The latter is tested by trying the 
tit of the “ go ” and “ not go ” chock gauges in 
it. The provision of such cheek gauges becomes 
expensive unless a fairly large number of ring 
gauges of the same size have to be tested. More¬ 
over, the difficulty referred to in § (5) in connee- 

,tion with the stretching of ring gauges by tho 
insertion of a plug arises. A further point 
is that elliptieity in the ring gauge is not 
readily detected by the use of check plugs. 

Generally speaking, except in the ease of 
gauges below 0*5 in. in diameter, the use of 
cheek plugs is discarded in favour of the three 
other met hods about to be described. 

( b ) Ring gauges down to about 0-5 in. 
diameter can be tested by the use of block 

gauges and points, 
as shown in Fig. 25 
above. To facilitate 
the manipulation of 
the gauges they are 
damped in an ad¬ 
justable holder as 
shown in Fig. 20. 
The slip gauges ho- 
2 (l tween the points can 

be varied until the 
combination just fits the ring gauge, and by this 
means it is possible to measure the diameter of 
the latter to an accuracy of about 10*0001 in. 
It should be noted that this method provides 
a means of detecting elliptieity in the gauge 



slips which represent the dimension L of the I by testing the ring across various diameters. 
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It has been found from practice that the 
curved measuring surfaces of the points wear 
fairly rapidly, and also the projecting parts 
of the points are liable to spring slightly in 
use. The following method of using a pair 
of plugs instead of the points retains the 
flexibility of size derived from the use of 
slip gauges, but avoids the errors mentioned 
above in connection with the use of the points. 

(r) The ring gauge is placed on a surface 
plate and suitable Johannson blocks arc wrung 
together and placed inside 
the ring, together with 
two plugs of known 
diameters, as shown in 
Fi(/. 27. The slips are 
varied by 0*0001 in. steps 
until the plugs are just a 
nice fit. 

This method can be 
used for rings up to 3 
or 4 feet in diameter, in which case the bulk 



Fju. 27. 


of h for a perfect ring of that size when using 
a suitable rod of known dimensions. An error 
in the diameter of the ring will be detected if 
the measured and theoretical values of h do 
not agree. Moreover, it should be noted that 
any error in the diameter of the ring becomes 
magnified in the measurement of //, the degree 
of magnification depending upon the length 
of the rod in relation to the diameter of the 
ring. In practice it has been found con¬ 
venient to choose the length of the rod for 
any particular size of ring, so that the diameter 
errors are magnified five times. That is to 
say, if the diameter of the ring were 0 001 in. 
greater than its nominal size, then the rod 
could be displaced O-OOo in. more than its 
calculated movement. 

The magnification is expressed by 

<«v), 


dll 

d\) 


.*. h-~ 


D-rf 


. ( 2 ) 


of the space between the plugs is taken up 
by a long, flat-ended bar gauge, slips being 
used for the last remaining inch or so. 

The Hoffmann roller gauges described in 
§ (5) are very convenient for use as the plugs ( 
in the above method. 

(d) The principle of this method, which is 
due to Mr. G. A. Tomlinson of the National 
Physical Laboratory, is illustrated in Fig. 2S. 



The ring is held with its axis horizontal and 
its diameter is measured with reference to the | 
known length of a ball-ended rod 11. This 
rod is made somewhat shorter than the dia¬ 
meter of the ring, so that when placed hori¬ 
zontally in the latter it is possible to move it j 
vertically through a certain distance h, which 
depends upon the diameter of the ring, the 
length of the rod, and the diameter of the balls. 

Let D- Diameter of ring. 

L — Lengt h of rod between centres of halls, j 
d - Diameter of balls. 

Then, /r-{D-r/)’ IA . . . (I) j 

If the nominal size of the ring is known, then 
it is possible to calculate the theoretical value ' 


Then, from equation (1), 

L 2 - (I) </)■“ - hr 

d). . . .(3) 

(liven 1) and »/. it is possible from (2) and (3) to 
calculate tin* required length of the rod and the 
theoretical \ulueof h. If on measurement, an error 
j th is found in h , then the error in the diameter of 
| the ring from ils nominal size is ? bit . 

'the accuracy to which it is possible to determine 
j the error in the diamctcL of a plain ring depends not 
| only upon the ;tceurac\ of the determination of h, 

! but alno upon the measurement of the length of the 
rod 1, and the mean diameter of the halls d. These 
j three quantities can each be obtained to an accuracy 
| of about -i n-<M>u02 in., so that tin- determination of 
the absolute value of the error of the ring should be 
. known to within o oooon in. < onipurative values 
i of the errors in different parts of the same ring can be 
| obtained true to within ! (MMX)Ol in. 
j « Iii addition to the measurement of plain 
I rings this method also lends itself to the deter- 
I rnination of the effective diameter of screwed 
ring gauges. In this case the size of tin* balls 
attached to the ends of the rod should be 
such that they make contact with the threads 
of the screw about half way hot ween the crests 
and roots. The calculation of the effective 
diameter follows the method given above for 
a plain ring. It. has to be remembered, how¬ 
ever, that the rod sets itself slightly askew 
when in contact with the screw thread, and 
it. is necessary to use in the formulae the 
length of the rod projected in a plane normal 
to the axis of t he screw. This projected length 
is approximately equal to \ ; L 2 (p/2) 2 , where 

p is the pitch of the screw. 

The approximation is very close : in the ease of 
a 3-in. ring having 3.J threads per inch, the error 
amounts to only 0*00005 in., and for all ordinary 
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purposes the above value for the projected length 
may be taken as exact. 

In tho easo of a screw the radial distance 
from the axis to the centre of the ball becomes 

i(E-ff+F), 

where E is the effective diameter and I* is 
the “ P value ” corresponding to the diameter 
• of the ball d and the pitch of the thread (see 

§ (U3)). 

We then have, instead of e<|nation (1), 
A= s /(E-<J+iy-(lA-£). 

Equations (2) ami (:i) liocumo 

E-f/li' 


I,-- 


s /l 2 f-i^ME- 


d+l'). 


These e<j nations enable the error in the 
effective diameter to be determined from the 
measured value of h in the same manner as 
for a plain ring. 

'Pile method used for measuring the vertical 
distance It is illustrated in Fig. 21). The ball- 
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ended rod A is carried horizontally at one end 
• if the live to one lover B, which is pivoted on 
two transveiso ball feet U spaced 1J- in. 
apart. These feet rest, on the upper polished 
surface of a. pile of slip gauges I), the height 
of which can be readily adjusted by building 
up on a surface plate below. The balance of 
the lever is adjusted by the jockey weight W. 
The height of the gauges 1) is first chosen so 
as to bring the lover approximately hori¬ 
zontal when the rod is resting in its lower 
position under the action of the throw-over 
weight F. A reading is then made with the 
fixed micrometer head M by sighting the con¬ 
tact on a thin curved sector E, which is attached 
to the end of the longer arm of the lover. 
Under favourable lighting conditions the 
micrometer can be set, to 0 0001 in. Tho 
pile of gauges is then increased by the cal¬ 
culated value of h and the. rod is brought into 
gentle contact with the upper part- of the ring 
by changing over the weight F. A second 
micrometer reading is then taken. The 
VOL UI 


| measured error in h for the particular ring is 
equal to one-fifth of the difference between 
i the calculated value of h and the displace- 
j ment of the sector E, as measured by tho 
1 micrometer, with the appropriate sign. Since 
j the error in the diameter is again one-fifth of 
oh. It will he seen that diametral errors are 
magniiied 25 times at the micrometer. 

| When measuring a plain ring the hall-ended 
rod is set square by eye to the axis of the ring. 
Any small error in this adjustment produces 
only a cosine error in the final result and can 
be neglected. In the case of a screwed ring, 
the rod must turn through a small angle in 
the horizontal plane when passing from the 
lower to the upper position. The method of 
pivoting the lever allows this movement to 
occur freely as the balls slide easily over the 
highly finished face of the supporting gauges. 

It is found convenient to use adjustable 
ball-ended rods made in two parts and fixed 
in a suitable holder, as shown in Fig. 30. 
The gap between the two parts is set bv 
means of slip gauges to give the required 
centre, distance between the balls. To facili¬ 
tate this setting, the inner ends of the rods 
are made plane and spherical respectively. 

The ball-ends consist 
of hardened steel balls 
which have been 
specially selected and 
accurately measured. 
They are fixed to the 
rod with hard solder, 
(ii.) Snap (fangets .—Gap gauges are tested 
either by the use of a pair of special slip 
•gauges made to the high and low limits of the 
gauge, or by direct use of combinations of 
block gauges. The gap gatiges usually have Hat. 
faces and it is necessary to test for any lack of 
parallelism by trying the fit of the slip gauges 
between different . 

parts of the face. 

A note should also 
he made as to the 
existence of any 
springiness of the 
jaws of the gauge 
caused by lack of 
strength in the sec¬ 
tion of tho gauge. 

§ (8) Depth 
Gauoks. — Gauges 
such as showrp in 
Fig. 7 are readily Kio. 30. 

tested by the ap¬ 
plication of one or more piles of slip gauges 
placed on a surface plate. 

§ (0) Tapkk Puio Gauges. —-The most 
satisfactory method of testing taper plug 
gauges, both for angle of taper and diameter, 
is by the use of slip gauges and a pair of 
roller gauges, as shown in Fig. 31. The gauge 
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to stood on a surface plate and, H wWff. 

fastened to the 
plate. A pair of 
roller gauges, as 
described on p. 30.1. 
whose diameters 
are known accu¬ 
rately, are placed 
at t he base of the 
gauge, as shown in 
the diagram. The 
distance M : over 
the outsides of 



the rollers is carefully measured with a micro 
meter. This measurement is repeated across i 

different diameters of the gu«^j ^ ! 

-t-chpositmuin turn an. j- ” ^ 


height H is greatest, and moreover, the error 
towards the centre is less than the mean of 
the errors at the extremities. This indicates 
that the general rate of taper is too great, 
ie the angle a is too large, and also that the 
conical surface is slightly hollow towards the 
centre The latter error could he readily 
cheeked by laying the gauge on a surface 
plate, when a slight gap of about O-OtKH m. 
should he noticeable at the middle against a 

“Taov t'apbr RtSil Gauoes. A common 

eiumk glnee. P;, The two gauges should aLmblo 
and either the shoulder of the plug, or a lino 

unless special care is used. I tj. ■ 


made at each position m uu‘‘-■ f „ lL . 

together with the corresponding height, 
two piles of slip gauges. 

* at procedure 

a... .-wlarrl ilraWllUT Ol 

to 


out the 

proecuuro m . , 

ssA ...r"r**“ 

a9 1) and the semi-angle of taper a, 
if the radii of the rollers is r, m llavB 
JI] = D + 2r(l t cot f), 
where fi = A(00° - a). Similarly 

M,, -1) + 2r(l + cot ;i) i 2H tan a. 

*, f. a. tab w... <*» * 



; Height 

H. 


0*0 

0-25 

()•;» 

0 7.'. 
1-0 
1-25 
1-5 


Dist inee across UolhT*. 
Measured. , Calculated. 


l*-7430 
1-7680 
1-7031 
18182" 
1 -8434 
1-8686 
1-8038 


1* 7428 
1 -7078 
1 7028 
1-8178 4 
1 -8428 
1-8678 
1-8028 


Error in 
Size. 


+ O '-0002 
+ 0-0002 
.4 0-0003 
+0-0004 
+0-0006 
+0-0008 
I -0-0010 


i f »nit v taoers which could 

r«Sy pss^tl as “ fitting; ” ( 

Xl^rs were large they could he de ectM 
b.V the presence of jday Mw,un h. 

Such errors could .al-m hi. .leu . of 

fairly line limits by the use of t]lR 

! aHe^n.tatmg'rfie plug 

! he necessary to resort to 

i X"ls. of measuring the rate 
„f taper and the diameters of 
1 trauges is hv the use of -’tcel balls. , 

minimum diameter of the gauges is a to < 

1 U in. the method show., m F’«- ™ < ’“‘ n 



lw column gives the error in the 
.. . '■ f th „ at the various sections , 

dmmetero the gang ^ w|th lt . 

It will' be noted that these errors are larger 
towards the upper end of the gauge where the 


Fio. :« 

used. The scheme is analogous to that 
already described and illustrated in Ii(). 31 
for the measurement of taper plug gaugCj 
the rollers being replaced by a pair of steel 
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balls, the distance between which is measured 
by means of slip gauges. The balls are first 
placed on the surface plato and are afterwards 
raised on equal piles of gauges to various 
heights in succession. The calculation of tho 
results is similar to that explained in the 
case of the plug gauge above. 

For smaller sizes of rings it is not possible 
to insert the slip gauges, and single different 
size balls are used in turn, as shown in Fig. .'14. 

The balls are allowed to rest 
in the cone of the nng and 
the distance from the top of 
the ball to the upper surface 
of the gauge is measured with 
a depth gauge, or, if the ball 
protrudes, by means of slip 
gauges. As Hoffmann steel balls are made in 
i^nd sizes from 1 in. to \ in., and below that 
size in ^th-in. steps, it is usually possible 
to select several sizes of balls which will suit 
any particular ring. 

it should be noted that by this method of 
measuring distances along the axis of the 
cone, the diameters of the ring are obtained 
to an enhanced accuracy according to the 
fineness of the taper. 

In some cases where the angle of taper is 
very slight it is not possible to find more 
than one size, of ball which will rest in the 
cone. For such gauges the method indicated 
in Fig. 35 may be adopted. A ball somewhat 
smaller than tho minimum 
diameter of ring is chosen 
and this is inserted together 
with a small cylinder, !),, of 
suitable size, so that the ball 
rests near the bottom of the 
ring. After measuring the 
height, H„ the cylinder is 
changed for another of different diameter, 
Do* so as to bring the ball higher in the gauge. 
The standard wires used in the measurement, 
of the effective diameters of screws are v%ry 
useful for this purpose, as in a complete set ! 
they differ consecutively by only a few | 
thousandths of an inch. In special cases it ! 
may be necessary to grind and lap up cylinders, | 
but that is a fairly easy matter. 



§ (11) Taper Plate Gauges. —These are 
measured by the use of roller gauges and 
block gauges in practically the same manner 
as described for taper plug and ring gauges. 
Instead of standing the gauges on the 
surface plate, however, they are placed 
flat downwards; also in the caso of the J 
internal tapers, roller gauges are used instead j 
of balls. 

If a number of taper plates having the same 
angle have to be measured, the method shown 
in Fig. 36 is sometimes adopted. Two tem¬ 
plates, T, T, fixed together with dowel pins j 
aro ground up on all four edges so as to have I 


the correct angle of taper. This angle can be 
tested by taking measurements over rollers 
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when the square edges of the templates are 
placed in contact as shown at B. Having 
obtained the correct angle, the templates are 
then measured when arranged as at thus 
: obtaining the dimension m. The two pieces 
arc then placed one on each side of the gauge 
to bo tested as shown at A, and measurements 
M made at the top and bottom. If the outer 
edges are found to be parallel the taper of the 
gauge agrees with that of the template, also 
the distance across the gauge in the position 
half-way down is given by (M-w). and this 
can bo compared with the corresponding 
drawing dimension. 

Such templates can also be used for checking 
internal taper plate gauges by measuring tho 
, distance between the parallel edges with slip 
gauges. 

§ (12) Profile Gauges.— The smaller sizes 
of profile gauges such as radius templates and 
driving-band gauges are most readily checked 
by one of the following optical methods : 

(i.) Optical projection of an image of the 
profile on a screen to a definite magnification 
and comparison of this image with an enlarged 
drawing. A description of tho apparatus 
used for this purpose will he found in 

S <<«). 

(ii.) The gauge is mounted on a table w hose 
position is controlled by micrometer screws, 
and different parts of its profile are viewed 
in turn through a fixed microscope fitted with 
cross wires, the movements of the gauge being 
measured on yic micrometers. Descriptions 
of machines for carrying out such measure¬ 
ments will lie found in §§ (34) and (35). 

(iii.) By the Use of a Check Gauge .—Another 
method of testing profile gauges is to have 
a check gauge or counterpart of the gauge, 
and to try the fit of the two pieces when placed 
together on a sheet of glass in front of a strong 
light. Differences between the two edges in 
contact can bo readily detected, especially if 







308 


GAUGES 


the gauges are made of fairly thin plate, but 
it is not easy to state the amount of these 
differences. This method is mostly used in 
the workshop during the manufacture of the 
gauges, and it is the aim of the mechanic to 
adjust the profile of the gauge until it is a 
“ light-tight ” lit. to the check. The check 
itself must l»e accurate and should first he 
verified by optical projection and, if necessary, 
adjusted until its profile matches the enlarged 
drawing exactly. 

Larger form gauges which very often have 
symmetrical curved edges can be dealt with 
by the use of slip gauges and roller gauges. 
A form of gauge frequently met with on shell 
work is shown at A in Fig. 37, whilst the 



Tig. 37. 

corresponding check gauge is shown at B in 
the same figure. If such a cheek gauge is 
available the gauge can be readily tested by 
trying the fit of the two together. In any 
ease it is necessary to verify the accuracy 
of the male cheek piece, and in addition to 
trying the fit of the cheek it is often desirable 
to ascertain the actual amount of the errors 
in the gauge itself. A method of measuring 
the two pieces is indicated in (he figure, 
and it will he noted that the principle is 
practically the same as that used in the 
measurement of taper gauges (see §§ (9) and 
(10)). In the case of the female gauge, the 
distances between the rollers, when placed 
on various equal piles of blocks, are measured 
with block gauges: for the check piece, the 
distances over the rollers are measured with 
a micrometer. 

The calculation of the theoretical distances 
from the drawing dimensions of the gauge is 
simple. 

In the case of fhe female gauge we have 
IS 

and M, the theoretical distance between the 
rollers, 

— *2B - 2Ji + W - 2r. 

If both gauges and check are available their 


! 


symmetry can be cheeked by trying them 
together in both positions. The symmetry 
can also be tested of each piece independently 
by taking diagonal measurements between or 
across a pair of rollers, one resting against the 
straight edge and the opposite one standing on 
the pile of gauges. 

§ (13) Position Gauges. — This type of 
gauge is most easily tested by means of check 
gauges. The cheek gauge is an accurate 
replica of the piece of work to he tested, blit 
is tnado in such a form as to be capable of 
being measured with as little difficulty as 
possible. The cheek for the gauge shown 
in Fig. 13 would be of the form shown in 
Fig. 38. The verification of such checks 

for position gauges usually 
involves a considerable 

number of measurements. 

The various steps in the 
process for t it is particular 
check would bo as follows : 

(a) Measure taper portion 
of body, using method 
shown in Fig. 31. 

Measure parallel part with 
micrometer. Teat cotieen- Fm. 38. 

tricity of fhe 1 wo parts. 

(b) Check diameters of holes A, B, and C by 
measuring the diameters of plugs which fit 
them. 

(<•) Test whether hole A is truly axial as at 
(a) in Fig. 39. The block of gauges marked 




Fig. 3ii. 


J.G. should be equal to the differences between 
the radii of the parallel part of the body and 
of the plug in hole A. 

{d) Test whether axes of holes B and C 
pass through axis of body ..s at lb) in same 
figure. 

(e) Test parallelism of holes B and C with 
base and their heights as at (c). 

(f) Test right angle between pins B and C 
in plan as at (d). The above case is fairly 
simple, as the only angle which has to be 
measured between fhe axes of the holes happens 
to be a right angle. A rather more difficult 
gauge is shown at (//) in Fig. 40, which also 
shows the various dimensions to he tested. 
The method of testing the* offset, of the pin 
and the angle of the slot in relation to it 
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is shown at (b) in the same figure. The angle | 
of the j)in with reference to the flat faces of j 



Testing angle & location of pio 

J<IU. 4ll. 


the gauge is measured by the method shown 
at(c). 

B. Standard Oauoks 
Owing to the accuracy required on this class 
of gauge it is necessary to use some form of ! 
measuring machine, different types of which j 
arc described in Bart V. § (71), etc. Those : 
machines enable the size of the gauge to be 
determined either direr fly by reference to a j 
scale, whose calibration is known in terms j 
of the primary standard yard or metre scales, j 
or indirectly by comparison with a reference 
gauge whose size has been previously deter- 
minerl against the same primary standards, j 
Thu determination of the difference in size j 
between a gauge and a reference gauge of j 
apjir rximalely the same dimension is fairly *j 
straightforward. On the other hand, the j 
standardisation of a gauge with direct reference 
to a line standard is a more difficult matter, ; 
and greater precautions in the methods and ; 
care in the design of the apparatus have to : 
ho taken. The principles of the two systems 
of measurement are given below without rotor- i 
once to the details of the measuring machines 
concerned. ] 

§ (It) Co Ml* A It IS ON OF (1 A 1J <! H S. j 

(i.) Measuring Machine ,.—Before dealing with 
this subject it will be necessary to explain j 
briefly the principles of the measuring machines ; 
used. A diagrammatic sketch of the form ; 
most frequently used is shown in Fig. 41. It i 



A 


I _ _ J 

1' Id. 41. 

consists of a bed A, the upper surface of J 
which is finished and which is provided with a 


headstock B and a tailstock C. These fittings 
can be moved to any position of the bed and 
arc provided with iixing clamps. The head- 
stock B carries some form of micrometer screw 
fitted with a graduated drum, by means of 
which it is possible to take readings to 
t® g?o (>T»tU part of an inch. This screw 
provides a means of measuring movements 
of one of the contact faces F r The other 
face, Fj., forms part of the tailstock C. 
These faces are usually flat, parallel between 
themselves, and perpendicular to the axis of 
the bed. 

In measuring with an ordinary micrometer 
the screw is adjusted until a certain pressure 
is set up between the contact faces and the 
piece being measured, or until the piece feels 
a nice fit between the faces. Both these 
effects, however, depend upon the “ feel ’’ or 
“ touch ” of the particular user of the instru¬ 
ment, with the result that different observers 
measuring the same pieco on the same micro¬ 
meter often obtain slightly different sizes. 
(These differences, which are due to t he personal 
element, can be eliminated to a large extent 
by using the micromotor as a comparator, 
each observer taking an initial setting on a 
reference gauge.) When using a measuring 
machine, however, where the accuracy attain¬ 
able is much greater, it becomes absolutely 
necessary to eliminate the personal factor 
entirely by arranging that the settings shall 
he made in a mechanical fashion and inde¬ 
pendent of any consideration of the observer. 
For this purpose, measuring machines are 
provided with indicators in some form or 
other which operate by mechanical, electrical, 
or optical means. The types in common 
use arc referred to in the detailed description 
of various makes of machines given in Bart 
V- § (71), etc. 

Returning to the method of comparing 
two gauges on a machine of the type shown 
in Fig. 41, the first operation is to arrange 
the headstock B so that the distance between 
the contact faces is approximately equal to 
the length of the gauges. Having clamped 
down both head- and tail-stocks, the reference 
gauge is inserted between the contact faces 
and the micrometer screw rotated continuously 
in one direction, until the indicator of the 
machine registers at its working position; 
a reading of the micrometer is then taken. 
The unknown gauge is then substituted for 
tlie reference gauge and a similar setting and 
reading is made. The reading on the standard 
gauge is now repeated as a check on the 
constancy of the different parts of the machine. 
If the settings have been made correctly and 
if the machine is in good order, the difference 
between the readings on the two gauges gives 
the true difference that exists between their 
sizes. 
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(ii.) Conditions of Accuracy .—Several im¬ 
portant factors have to be taken into 
consideration in order to obtain accurate 
results. The first is in connection with 
temperature. Now the normal temperature 
for standardisation in this'country is 02° F. 
(10 07° C.), and the true size of the reference 
gauge would be known at this temperature. 
The size of the unknown gauge is also ascer¬ 
tained at this temperature by making use of 
the measured difference between the two 
gauges. In the case of two steel gauges of 
closely the same dimension, the difference 
between their sizes will be practically inde¬ 
pendent of the actual temperature at which 
the comparison is made, provided the two 
gauges at the time the measurements are 
made have a common temperature which 
does not differ from the normal temperature 
by more than a few degrees. Variation in 
the coefficient of expansion will affect the 
comparison somewhat, especially when dealing 
with long gauges, and for tliis reason the 
temperature of the room in which this class of 
work is carried on should be kept as nearly 
normal as possible. 

Generally speaking, so long as the tempera¬ 
ture of the room remains inside the range 
15° C. to 18° C'., and does not fluctuate 
rapidly, no serious trouble will arise due to 
variation in coefficient of expansion when 
comparing steel gauges up to about 24 in. 
in length. 

In any case, it. is of the utmost importance 
to ensure that the two gauges shall have the 
same temperature at the moment they are 
measured. They must be cleaned and left to 
stand, preferably in contact with the bed of 
the machine, for at least an hour before any 
attempt is made to measure them. When 
inserting the gauges between the faces of the 
machine they must not be touched with the 
hands but should bo held in a suitable clip 
having insulated handles. In addition, 
measurements should be made as rapidly as 
possible, so as to minimise the thermal effect 
due to the presence of the observer. 

When making a measurement on a fairly 
long, flat-ended gauge it is not an easy matter 
to set it correctly between the contact faces 
so as to avoid any “ cross-cornered ” effect 
w'hich gives rise to a large measurement. 
To avoid this difficulty, such gauges are ground 
along their length on the eyliiylrieal surface 
and the faces arc finally lapped accurately 
square to the axis of the gauge. The gauges 
can then be allowed to rest during the measure¬ 
ment on a pair of suitable vee supports placed 
on the bed of the machine, care being taken to 
ensure parallelism between the axis of the 
gauge and the bed of the machine. Supports 
are not used for flat-ended gauges below about 
6 in. in length, as it is a fairly easy matter 


to set these shorter gauges between the 
faces. 

To obtain reliable results in the measure¬ 
ments it is essential that the faces of the gauge 
and of the machine should be free from any 
traces of dirt or grease. The faces should bo 
cleaned and polished with clean chamois 
leather and, finally, should be sw'abbed with a 
tuft of cotton-wool sprinkled with petrol or 
benzine. By watching the interference colours 
on the surfaces as the liquid evaporates it is 
easily seen whether the last trace of grease 
has been removed. 

Whenever possible, the reference gauge used 
in a comparison should be of the same type 
as the gauge to be measured ; in other words, 
flat-ended gauges should be compared with 
flat-ended reference gauges, plug gauges with 
plug reference gauges, and so on. By this 
method the effects due to imperfection in 
the contact faces of the machine are minimised. 
In certain special cases, however, it is necessary 
to compare flat-ended gauges with plug 
gauges, spherical gauges or balls. Consider 
the ease of comparing a flat-ended gauge 
with a cylindrical gauge on a machine which 
has defective contact faces. The most 
frequent error found in the faces is lack of 
parallelism, and the effect of this error will 
be seen from Fiy. 42. Contact is necessarily 
made oil the flat 
parallel faces of the 
end gauge A by the 
extreme point on each 
of the measuring Fig. 42. 

faces. On placing 

the plug gauge B between the faces it might 
come in contact with the same points if its 
axis happened to be in a certain direction, 
but it is more probable that it would miss 
these highest points and make contact 
towards the centres of the faces. An error 
amounting to half the error of parallelism 
of «ihe faces could thus be introduced into 
the results. In comparing a ball with a 
flat-ended gauge the conditions arc worse, 
even apart from any consideration of elastic 
deformation of the hall due to pressure 
between the faces, for which a correction is 
ordinarily applied (§ (5) (v.)). 

Before carrying out any measurements 
where the highest accuracy is required it is 
of great importance, therefore, to tyjst the 
contact faces of the measuring machine for 
flatness, parallelism, and squareness. The 
method of carrying out this test is described 
in § (79). 

When making a comparison between two 
gauges which do not differ by more than a 
few ten-thousandths of an inch, it is possible 
on some measuring machines to measure the 
difference accurately on the indicator w hen the 
latter has a certain range of action and is 
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provided with a divided scale which has been 
calibrated in terms of the divisions on the 
micrometer drum, if such a procedure is 
adopted, it is convenient to fit the micro¬ 
meter with some form of stop so that it 
can be fed up automatically and definitely 
to the same position on the tw-o gauges in 
turn. The difference which exists between 
the latter is then registered on the scale of 
the indicator. 

In order to test slip gauges of the Johansson 
type, where the accuracy of the comparison 
with the reference gauges is required to an 
order of a millionth of an inch, special 
comparators have been designed and are used 
at tile National Physical Laboratory. These 
machines have a range of only 0 0002 or 0-0003 
inch. They aro devoid of micrometer screws, 
the difference between the gauges being 
registered by optical indicators. Descriptions 
of these comparators are given in §§ (82) and 
<»»)• 

ij (15) Calibration of Knd Cadges in 
Sets. -It is usual to make end gauges in 
sets so that the lengths of the individual 
gauges follow a certain sequence. By this 
incaus it is possible to make use of the gauges 
both singly and also when built or wrung 
together to form a composite gauge. The 
method thus effects an economy in the 
number of individual gauges required to j 
cover a certain range of sizes. The Johansson j 
series of block gauges described in § (5) is 
an example of such a set of gauges. Another 
familiar series of gauges consists of the 
following sizes : 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 18, 24, . 

30, and 36 inches. 

The measuring faces of such gauges should 
be either accurately fiat, as in the Johansson 
blocks, so that t wo or more gauges can be 
wrung together, or else they should be of 
true spherical form to allow the gauges be 
built together when placed in line on suitable 
supports. Under these conditions it would 
be possible to obtain from such a set a gauge 
of any inch si/.c up to an order of 00 in. 
or more. 

The provision of end gauges in sets is also 
of considerable service in their initial 
standardisation. It is possible by suitable 
means to intercompare the gauges so as to 
obtain the length of each in terms of that of 
the longest gauge of the set. The absolute 
length of the latter can be determined by one 
of the methods described in § (17), and from 
this the lengths of the individual gauges are 
readily obtained. 

Taking the series of gauges up to 3(1 in., 
referred to above, the first step in the inter¬ 
comparison would be to determine the (5, 12, 
18, 24, and 30 in. gauges in terms of the 


3(J-in. gauge. This would involve the following 
comparisons : 

3fi + 24 with 30 + 30, 1 
36 4 18 with 3ft 4- 24, 

3G 4-12 with 30 f 18 and 24 + 24, 1 
36 4- 6 with 30 4-12 and 24 4- 18, 

36 with 30 + 6 and 24 I-12 and 18 4 18, 1 
30 with 24 4- 6 and 18 4 - 12 , 

24 with 18+ 6 and 12 + 12, 1 
18 with 12 + 6, 

12 with 6 + 6. 1 

The results of these comparisons can be put 
in the form of fifteen observational equations, 
such as 

36 4 24 - 30 1 30 f- a v 
36 4-18 -- 30 + + a,, and so on, 

where u.> are the measured differences. 

Now, if 

30 - -x 36 4 a x , 

24 u y 3b +^ 2 ’ 

18 — 1 x 36 { a 3 , 

12 - J x 36 I a 4 , 

6 - }• x 36 + a 6 , 

it is possible to determine the values of 
a,, a.,, a a , a,, and a. by solving the obser¬ 
vational equations by the method of least 
squares. These values give the calibration 
errors of the five gauges in terms of the 
36-in. gauge. 

The series of gauges from 1 up to 12 in. can 
lie calibrated in a similar manner in terms of 
the 12-in. gauge, and, since the value of the 
latter is known with reference to the 36 in. 
gauge, it is possible to state the calibration 
errors of the other eleven to the same basis. 

Some interesting work has recently been 
done at the Bureau International, Sevres, on 
the measurements of block gauges. An ac¬ 
count of this will be found in vol. xvii. <>f the 
Tramux cl Memo ires of that institution. 

§ (16) Measurements of Spiikrical-endei> 
CivuoKs and Balls under Compression.— 
When a steel ball or an end gauge having 
spherical ends is placed between the parallel 
fiat’ faces of a measuring machine, and the 
latter are arranged so as to just touch the 
[ spherical surfaces, the contact will take 
place at two theoretical points. If a com¬ 
pressive fnr<*? is now' applied between the faces 

‘ For the purposes of those particular comparisons 
It is helpful to make use of gauges from a second 
set. The relation between the nominally equal 
gauges of the two sets should he obtained by pre¬ 
liminary comparison. If a second set is not avail¬ 
able, the duplicate, gauges may be formed from two 
others of the same set. e.g. the second 30 gauge can 
be obtained by building together the 24 and ft or 
the 18 and 12. The relation of either of these 
combinations to the 30 is obtained in a later 
comparison. 
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—a condition which arises in practically every 
measuring machine -then the spherical sur¬ 
faces will become slightly distorted; the 
points of contact become small circular areas 
which are capable of resisting the compressive 
force. This distortion makes an appreciable 
difference to the measured length over the 
spherical surfaces, the difference being usually 
considerably greater than that produced by 
compression along the length of the gauge. 
When two or more sphcrioal-cnded gauges are 
placed end to end, the compression takes 
place, not only at the extreme surfaces, but 
also at the surfaces of contact between th.i 
individual gauges. The actual amount of 
elastic deformation depends upon the force, 
the diameters of t he spherical surfaces, and the 
elastic constants of the material. 

The elastic diminution in length of a number 
of spherical-ended steel bars placed end to end 
and enclosed between a pair of flat parallel 
faces under an axial pressure of P lbs. weight 
is given in inches by 


0-000010 x 1' 


t a)H 

)“'■••• o:.,* dhi.i 1 } 


where <l v </ 2 , . . . <1 n denote the diameters 
of the spherical ends of the bars in inches. 1 

In the ease of a single steel ball of diameter 
d in. the compression becomes 


0*0000321 x J>' x 


©'* 


inches. 


§ (17) Standardisation of Lnd CJacuks 
by Comparison' with Scalps. —The primary 
standards of length in this country, the yard 
and the metre, are defined as “ line " measures, 
and all gauge measurements which are in the 
nature of end " measures must be based 
on these standards. It is not necessary 
that every gauge should be measured with 
reference to a standard scale, in fact it would 
be inconvenient to do so ; all that need be 
done is to standardise once and for all in a 
very accurate manner a single end gauge, 
which for convenience may be a yard or a 
metre in length, by comparison with the : 
primary line standard. From this gauge it is 
possible by methods of subdivision to obtain 
the individual sizes of a complete series of 
end gauges, 2 which then servo ,»s reference 
gauges, and from those, other gauges can be j 
determined by direct comparison. 

The standardisation of a yard end ganee 
from the line standard constitutes one of the 
most interesting problems in the science of 

1 Journal Inst. Meek. Engrx. , 1920, j>. 915 ; Hertz, 
Miscellaneous Papers (Macmillan), 1896. 

1 See §(15). 1 


metrology. Some of the methods available 
are described below. 

Method I .—For this determination a gauge 
A {Fig. 43) is used. This gauge is 35J in. in 


□ D. 


Elevation 

- L- 


Plan 
FlU. 43. 

length and has flat parallel end faces which 
have a lapped finish and to which are wrung 
two small rectangular blocks B and C, each 
half an inch in length. The end faces of these 
blocks an* finished flat and parallel and have 
wringing surfaces. The upper surface of each 
is polished and has a fine line scribed on it 
approximately ludf-way along the length and 
in a direction parallel to the end faces. The 
depth of the short blocks is only half that of 
the gauge, so that when wrung together with 
the bottom surfaces of the thn*e in line the 
upper surfaces of the blocks are on the neutral 
plane of the gauge. 

The distance between the lines will be 
approximately 3b in. and it. is compared n the 
usual manner with a standard yard scale, asing 
a line standard comparator of the type relVrred 
to under “ Line Standards.” The inner t; nk of 
the apparatus is used simply as an l r —th in 
thisease,as it is not possible to immerse* th steel 
gauges in water. A number of comparisons are 
made wringing the two blocks on to tin ends 
of the gauge* in all possible* manners in turn. 
As arrangeel in Fig. 4.3, the* distance between 
the lines is (L-i-u-i c). Suppose the* mea:lini¬ 
ment of this distance as determined from the 
comparison with the* line; standard is M,, tl.-n 
we have 

(L + u-fc) M,.(1) 

By reversing the* Mocks in turn we can obtaii 
three other equations, 

(L \ h i-r) .- = M 2 , . . . 2) 

(L]b\d) .M.„ . . , (3) 

(L l a i d) M 4 . ... (4) 

From (1) and (3) we have 

L +!(«+& \-c l d) - J(iM t -f M 3 ), 

and from (2) and (4) we have 

L + \{a + h 1 c | — M 2 + M 4 ). 

This double determination of fhe length of 
the gauge plus the mean length of the two 
blocks gives incidentally a cheek on the 
accuracy of the measurements. Taking a 
mean of the four measurements we have 
L + l(a + b + c + d) - J(Mj T M 2 + M 3 v M 4 ). 
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The measurements are repeated after turn¬ 
ing the gauge A upside down and the results 
incorporated with those obtained in t in* original 
position. 

It is not necessary to determine the lengths 1 
of the short blocks separately, since for all j 
subsequent purposes for which the gauge will j 
be used it would be possible to take two ! 
measurements on it, with each block wrung 
on in turn. The mean of these two measure¬ 
ments is clearly the length which has been 
standardised. For the sake of simplicity it 
could be arranged to make the two blocks | 
equal in length to a millionth of an inch, in 
which ease the standardised length becomes j 
equal to the length of the gauge with either 
of the blocks wrung on. 

Method II. —Gauges of special design, as 
shown in Fig. 44, are used for this determina¬ 
tion. They consist of 
cylindrical bars about 1 
in. diameter, having the j 
ends carefully finished to I 
spherical surfaces of a 
large radius of curvature. 

A hole about, j, in. dia- , 
meter is drilled diametrically at the centre of the ( 
bar and a taper plug, whose length is equal to , 
the radius of the rod, is fitted into the hole j 
from nne end as shown in the diagram. The j 
upper surface of this plug is polished and has ! 
a line scribed across it, the direction of the ; 
line being at right angles to the axis of the 
bar. Three such bars are required, each | 
30 in. in length. 

Two of the bars, A and P», arc placed in ; 
an accurately made vee trough so that their . 
inner ends are in contact ( Fig. 4f>). The trough j 




Pm. 4a. 


containing the gauges is placed on one of the j 
girders of a line standard comparator, of the j 
same type as referred to in Method I. The [ 
length \j between the lines on the plugs is I 
then compared with a standard yard scale, 
which is placed on the other girder, thus 
obtaining a measurement Mj. The bars A 
and 11 are then reversed in turn, and a measure- ; 
merit is made in each position. Having made 
the three possible measurements on this pair 
of bars, the third bar C is exchanged for 11 and j 
another set of measurements taken between j 
the bars A and C. Finally, a set is made 
between T1 and C. 

Referring to Fig. 4. r >, we shall have nine 
measurements as follows: 



Fm. 44. 


Bars A and It. Bars A and 0. Bars B and (\ 
h -l r — M, h + e -M 4 / + <•= M 7 

b hd-M., 6 -j-/-M 5 / I d M 8 

a l d a-\f M c e + d —M 9 

where M,, M.,, etc., represent the actual lengths 
obtained in the comparisons with the standard 
yard scale. 

The six unknown quantities a , b, r, d, e, 
and / can be obtained from these nine equa¬ 
tions by using the method of least squares, 
and consequently the total length of each of 
tho three gauges can he readily obtained. 

As a check on the results, the lengths of the 
bars nan be intercom pared in an end-measuiinu 
machine and their differences compared with 
those obtained from the results of the above 
met hod. 

Method III .—Tn the two methods just 
described it is necessary either to provide 
the gauge with special attachments or else 
to have more than one gauge of the same 
length. It is possible, however, by means of a 
special type of measuring machine to make a 
direct comparison between an end gauge and 
a standard scale. The general arrangement 
of the machine is shown in Fig. 4G. One 


Micrometer 



Head stock 



Fig. 4<>. 



measuring face is attached to the micrometer 
headstock and the other to a sliding carriage 
whufch supports a standard scale, the graduated 
surface of which is directly in line with the 
measuring faces. A microscope provided with 
a pair of parallel wires in the eyepiece is held 
above the scale in a rigid bracket lixed to the 
bed of the machine. 

When making a determination, the zero 
line A of the s«de is set under the cross wires 
of the microscope and the carriage is then 
damped to the bed. The two measuring 
faces are now brought into contact by means 
of the micrometer screw and a reading is 
taken on tins headstock. The carriage is then 
moved along the bed until the line 15 on the 
scale, which corresponds with the length of 
the gauge, arrives exactly under the cross 
wires and the carriage is again clamped. 
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The gauge is now inserted between the faces 
and a further reading of the micrometer taken. 

Assuming the bed of the machine is straight, 
the distance traversed by the left measuring 
face will be equal to the length between the 
two lines A and B on the scale. If this length 
is denoted by L, the length of the gauge as 
G, and the two micrometer readings as R„ lt a 
respectively, we have 

G = L + (R 2 - Rj). 

The lengths of the scale and the gauge 
refer to their particular temperatures at the 
time of the observations, and, in order to 
deduce the length of tho gauge at (}2° l’., it is 
necessary to know their coefficients of expan¬ 
sion and to make careful measurements of the 
temperature of both the gauge and the scale 
whilst the observations are being taken. It 
is usual to employ an Invar scale for this 
determination since, owing to its very low 
coefficient of expansion, any small uncertainty 
in the measurement of its temperature will 
not introduce an appreciable error into the 
results. With a steed gauge, however, an 
uncertainty in the temperature as small as 
01° C. gives rise to an error of approximately 
one part in a million on the length. 

Imperfections in the contact faces of the 
machine may lead to considerable inaccuracies 
in the measurements. These errors can be 
reduced by having spherical-shaped ends to 
the gauge to be measured, although this would 
not eliminate the effect due to lack of 
parallelism of the faces when they are brought 
together for the zero setting. To avoid this 
possible inaccuracy the following procedure 
may he adopted. 

Suppose wo wish to determine the length 
of a 30-in. gauge. Take, in addition, two 
18-in. gauges and compare on a measuring 
machine the sum of their lengths with that 
of the longer gauge, by putting them end to 
end. Let the small difference be e, as defined 
by the equation 

30= 18(a) + 18(A) + e. . . (1) 

Now measure the absolute difference between 
the 30-in. gauge and each of the 18-in. gauges 
in turn against a standard scale by the 
method described above, except that it will ; 
not he necessary to bring the measuring faces , 
into contact. We shall then have 

30 -- 18(a) + Mj, ... (2) 
and 36 — 18(6) + M 2 ,* ■ . . (3) 

where and M a are the absoluto lengths 
measured against the scale. 

Subtracting (1) from the sum of (2) and (3) 
we obtain the equation 

36 = M l + M 1 -e, 

which gives the absolute length of the 30-in. 
gauge in terras of known measurements. 


The accuracy of the method of comparing 
the length of an end gauge with that of a scale 
as illustrated in Fit/. 40, is governed to a large 
extent by the accuracy of the movement of 
the carriage to which the measuring face is 
fixed. This movement depends upon the 
straightness of the bed of the machine, which 
will always he imperfect to some degree. 
Whatever the errors in the bed may be, the 
translation of the carriage from one position 
to another can always be resolved into a linear 
and a turning or twisted motion. The greater 
the errors in the bed the larger the turning 
motion of the carriage will become. Referring 
to the design of machine illustrated in Fit/. 4(>, 
the effect of this motion on the accuracy of the 
measurements is illustrated in Fig. 47, which 
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L-’IU. 47. 

shows the scale and the measuring face in 
two positions corresponding to settings of the 
microscope oil two lines a and 6, the actual 
distance between which is /. The effective 
translation of t he measuring face is represented 
by the distance <l . If the tilt of the scale 
netween the two positions is 0 and if the 
distance of the measuring face from line a is 
L, then we have 

d ---- l cos 0 Ml - cos 0). 

The difference between the actual movement 
of the measuring face and the length as given 
by the scale, i.c. the error introduced into the 
measurement, is 

• d - l— (L - l){ l - cos 0) 

r-.J(L-f)0* 

approximately, since 0 is small. Assuming 
that the bed of the machine, is reasonably 
straight, the error in the measurement, in 
this case is one of the second order and can be 
ignored in this particular arrangement, where 
the scale is directly in line with the gauge 
being measured. 

Consider now the ease when the scale is 
not in line with the axis of measurement as 
given by the line joining the contact faces of 
the machine. We could still utilise t he scheme 
of fixing the microscope and move the scale, 
or, what is sometimes done in actual practice, 
fix the scale to the side of the bed and attach 
the microscofie to either the head or tail stock, 
according as to which is made to move. The 
two arrangements arc alike from a theoretical 
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point of view. The latter scheme is illustrated 
in Fbj. 48, and shows the effect of tilting the 
carriage holding the microscope through an 
angle 0. 

The difference between the effective move¬ 
ment d of the measuring face and the length f, 
as given by the distance between the two lines 



a and 6 on the scale, is equal to h x 0 if 0 is 
small, where h is the vertical distance between 
the measuring face and the scale. 

A twist of the carriage in the horizontal 
plane due to lack of straightness of the sides 
of the bod will produce a similar effect. 

Tliis error is of the first order of magnitude, 
and with this design of machine the surface 
of the bed needs to be exceptionally straight 
to limit the error to even 0-0001 inch. 

When designing any form of measuring 
machine, careful consideration should be given 
to the alignment of the axis of the gauge or 
whatever is to he measured with the axis on 
which the actual measurements arc taken. 

III. JVL i:\SUKKMENTS OK SCREW GAUGES 

§ (18) Elements of a Screw. — Screw 
threads of Whitworth form have seven 
elements, errors on any one of which may 
l>e sufficient to cause a gauge to reject work 
which ought to pass, or vice reran. These 
elements are : m 

Full (or major) diameter. 

Core (or minor) diameter. 

Effective (or pitch) diameter. 

Pitch. 

Angle. 

Radius at crest. 

Radius at root. 

The definitions of these elements will be 
found under the theoretical considerations 
of screw threads. 1 

Screw gauges have to he measured and 
examined to ascertain whether their dimen¬ 
sions lie between the specified limits. Con¬ 
sidering the case of a plug screw gauge, this 
can be tested on the higher limit by screwing 
into a check ring gauge whose dimensions con¬ 
form to those of the high limit. If the gauge 

1 8oo “ Metrology," Part VII. §§ (23) et seq. 


j refuses to pass through this ring it is clearly 
{ too large at some particular part of its profile, 
J and it becomes necessary to measure it in 
! detail to locate this error. Even if the gauge 
passes the check ring we have still to ascertain 
whether the gauge is everywhere above the 
j lower limit, and this again involves a detailed 
examination of its various elements in turn. 

The provision of ring check gauges is an 
expensive, matter, and moreover, as it is 
possible from the individual measurements 
of the elements—and these measurements, 
as will he seen later, arc necessary to check 
i the minimum dimension—to ascertain whether 
j the gauge is below the upper limit, the use 
j of check rings is practically limited to cer¬ 
tain particular sizes of gauges of which large 
j numbers have to be tested. 

Ring gauges present rather a different case 
owing to the fact that it is not such an easy 
j matter to make accurate measurements of the 
| various elements as in the case of the plug 
| gauges. They arc usually tested between the 
limits by a scries of plug checks, as will he 
described later. 

§ (1!)) Mechanical Measurements ok Plug 
Screws, (i.) Full Diameter. — The measure¬ 
ment of the full diameter over the crests of 
the threads is usually made with an ordinary 
micrometer held in the hand, or by placing 
the screw between the jaws of a measuring 
machine, which, to avoid compressing the 
crests of the threads, should have a working 
pressure of something less than 2 lbs. weight. 
When making use of an ordinary micrometer, 
a comparative reading should also he taken 
• on a standard plain plug of closely the same 
size as the screw. This method eliminates to 
a large extent the effect of both zero and 
progressive errors in the screw of the micro¬ 
meter. The Hoffmann roller gauges described 
in § (5) (v.) serve admirably as setting plugs 
for measurements not exceeding 1} in. 
j (ii.) Ii>JJcdice Diameter. - The effective dia- 
I meter of a plug screw can he .measured 
mechanically either \\ ith a micrometer provided 
with special contact faces, or by the use of 
small cylinders or wires of suitable size placed 
tangentially between tin* threads. The latter 
method is usually considered to be the more 
accurate and is generally adopted in gauge 
work. 

(iii.) Screw Thread Micrometers. The con¬ 
tact faces of •micrometers for screw thread 
measurements take the form shown in Fiy. 49. 
The end of the micrometer spindle A is 
ground conical and is suitably rounded off at 
the point ; the anvil B has an internal vec 
which fits over the thread of the screw to he 
measured. The angles of the cone and the 
vec are made equal to the theoretical angle 
of the Hcrew thread. The anvil can rotate 
about its axis so as to allow the vee to accom- 
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modato itself to the rake angle of the thread. 
When the spindle of the micrometer is screwed 
up to bring its conical point into the vee, the 
reading is then zero ; consequently, when the 
contact points are set so that a screw will just 



Fig. 40. 


pass between them, as in Fig. 40, the read¬ 
ing gives the effective diameter of the screw 
direct. 

Taking a micrometer with a particular pair 
of contact faces, it is generally possible to use 
it over a limited range of consecutive pitches 
of threads, at the. same time maintaining con- , 
tact on the flanks of the threads only. The ■ 
limit is reached in one direction when the points ! 
of the anvil foul the roots, and in the other | 
when the conical point barely enters the space I 
between the threads. 


different in eac h case. From the definition of 
effective diameter and the geometry of the 
figures, it follows that the difference between 
the measurement over tin* cylinders and the 
effective diameter is the same in each ease 
provided the same size cylinders are used 
throughout. The actual value of this differ¬ 
ence, which we may call K, depends upon the 
diameter of the cylinders and the pitch and 
angle of the thread. Thus we have effective 
diameter M - K. 1 

If thi* actual angle of a screw thread is 
known, and its particular value is used in 
calculating the constant K, it. is possible to 
obtain a measurement of the true effective 
diameter of the screw by using a set of 
cylinders of any size, provided they make 
contact somewhere on the flanks of the thread. 
Measurements of the effective diameter of 
a screw obtained from sets of cylinders of 
different sizes should agree if the appropriate 
constant is applied for each set. It is the 
general practice, however, to select cylinders 
of such a size that they make contact at ap¬ 
proximately half-way down the flanks of the 
particular pitch of thread. The measurement 
of the effective diameter from such cylinders 
i is not influenced hv errors in the thread angle, 

! and consequently it is not necessary to know 
the actual angle of the thread. 

It is essential that the measurement M 
( Fig. 50) should be made perpendicular to 
the axis of the screw : consequently, when 
using a micrometer held freely in the hand 
it is necessary to place two cylinders on 
one side of the thread in order to set the 
. micrometer square. This system of nieasure- 


For this reason it is 
necessary to have a 
number of micrometers, 
each with different size 
contact faces, in order to 
cover a whole range of 
pitches. . 

(iv.) The, Wire Method. 
— The general principle 
underlying the second 
method of measuring the 



Normal Threads Thick Threads Thin Threads 


effective diameter is 


FIG. 50 


shown in Fig. 50, which 
illustrates three different forms of screw 
threads having the same full and core 
diameters, pitch, and angle. . The first is 
a normal, symmetrical thread ; the second 
has the threads thicker than the spaces and 
consequently has a large effective diameter, 
whilst the third has thin threads and a small 


ment gives rise to the term “ three-wire 
measurement of screws.” Certain special 
machines have been designed at the National 
Physical Laboratory in which the micro¬ 
meter is set and maintained perpendicular to 
the axis of the screw hut is left free to move 
in the direction of its own axis. These 


effective diameter. If small cylinders of suit- ' 
able size are now allowed to rest tangentially 
between the threads on opposite sides of the 
screw as shown, it is clear that the diametral 
measurement M, over the cylinders, will bo 


machines, usually known as “ floating micro¬ 
meter machines,” are described in § (211). 
With these machines, one cylinder only is 

1 Formulae for calculating the value of the con¬ 
stant K for particular cases arc given in § (03). 
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required on each side of the thread, as shown I 
in full line in Fig. 50. 

It is essential that the small cylinders or ! 
wires (which can be made conveniently by i 
lapping down ordinary sewing needles) should 
be truly cylindrical over the central portion 
which comes in contact with the thread. The 
diameter of this portion must be accurately 
measured before the corresponding constant 
can be calculated. It is interesting to note 
that the, value of this constant (which has to 
be subtracted from the measurement,over the 
cylinders to give the effective diameter) in¬ 
volves a term which is approximately three 
times the mean diameter of the cylinders. Any 
error in,determining the latter thus becomes 
trebled in the final result obtained for the 
effective diameter. To avoid this accumula¬ 
tion of error, it is preferable to measure the 
distance T, under the cylinders (see Fig. 50). 
By this means the error in the measure¬ 
ment of the effective diameter due to this 
cause is reduced to one of practically 
the same magnitude as that involved in 
the determination of the mean size of the 
cylinders. 

The nirthod of obtaining the measurement 
T, under the cylinders, is shown in Fig. 51. 



A plain plug gauge of approximately the same 
diameter as the screw is taken, and a micro¬ 
meter measurement is lirst made over this 
plug with the small cylinders included, as 
shown at A. The cylinders are then trans¬ 
ferred to the screw, as at B, and a second 
measurement is made. The dimension T, 
for the screw, is then readily deduced from 
the known size of the plain plug gauge and 
the difference between the two micrometer 
readings. 

(v.) Source* of Error --There are one or 
two points to he observed in connection with 
the measurement of effective diameters by 
standard wires and bv the type of micrometer 
fitted with special anvils described above. The 
former method gives what may be called the ( 
net effective diameter, when the sizes of the 
wires used are such that they touch the Hanks 
of the threads at the half depth. Any errors 
present in the angle affect the measurement 
only to the second order of accuracy ; errors in j 
pitch, either progressive or periodic, also have ! 


quite a minor effect on the measurement. If 
it is desired to ascertain the virtual effect¬ 
ive diameter of the screw, i.e.. the effective 
diameter of a perfect nut into which the 
plug will just fit, it is necessary to augment 
the net effective diameter by amounts corre¬ 
sponding to the errors present in the angle and 
pitch. 

On the other hand, the readings given by a 
“ thread ” micrometer are influenced consider¬ 
ably by errors in angle, or periodic errors in 
pitch. The internal vee on the anvil and the 
eonieal-endod spindle may be roughly con¬ 
sidered as forming portions of tile screw' thread 
of a split nut which are closed round the screw. 
It- should he observed that in screw gauges as 
ordinarily made, the angular space between 
the threads has a constant form, since it is 
the form of the nose of the cutting tool. This 
space is unaffected by errors either of a pro¬ 
gressive or periodic nature which may ho 
present in the pitch. Such errors, however, 
have their inlluenee upon the thread itself, 
apart from the space. It is clear that if 
the pitch between two spaces happens to 
bo too long, then, since the spaces are 
of constant width, it follows that the inter¬ 
mediate thread must be thicker than the 
average. Such variation in the thickness of 
the thread is produced by periodic changes 
in the pitch. 

Now, in the ease of standard wire measure¬ 
ments of the effective diameter, the depth to 
which the wire sinks into the screw depends 
upon the width of the space between the 
threads as is shown in Fig. 50. Variations 
in thread thickness due tn errors in pitch 
will not be noticed. When using a thread 
micrometer, however, where the measurement 
on one side of the screw is obtained from the 
contact of an internal vec piece which fits over 
the thread, it is clear that variations in the 
thread thickness will have their effect upon 
the measurements. As the other contact 
face is a truncated conical point which 
lits into the space between the thYeads. the 
radial position of this point will not vary 
when measurements are made at different 
threads. Without following the matter 
further in detail it will he appreciated that 
in eases where the pitch is variable the 
readings of a thread micrometer need to he 
carefully interpreted. 

If no errors exist in the angle or pitch, then 
the two mefliods referred to should give 
exactly the same value for the effective 
diameter. It is essential, of course, that the 
contact points should have the correct angle 
and form, as such errors will produce false 
readings even on a good screw gauge. 

(vi.) Core Diameter .—The core diameter, 
which is the diameter at the roots of the 
threads, is measured with a micrometer, using 
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special vec-shaped pieces ( Fig. 52) between the 
measuring faces and the screw. These pieces, 
which are of hardened steel, 

~l have the angle between the 

sloping sides somewhat less than 
- the thread angle, and the junc¬ 
tion of the faces is rounded off 
to such a radius that the piece 
can rest on the root of the 
thread. The back surface is 

- finished accurately flat and 

; ; parallel to the rounded edge. It 

| J is usual to make these vee pieces 

1 in about four sizes to aceommo- 
lJ date all the usual pitches of 

threads. 

I'm. ~>J. The method of making the 
measurement of core diameter 
is shown in Fig. 53. A micrometer 
measurement is first made over a plain 
plug gauge with the vee pieces inserted as 
shown at A. A second measurement is then | 


It is useful to grind the groove until its 
diameter is equal to, say, the nominal effective 
diameter of the screws to be made', although 
this adjustment is not absolutely necessary. 
The cylindrical portion A is finished by grind¬ 
ing and lapping, and its diameter in turn 



Fig. 54. 


may be made equal to the nominal core 
diameter of the screw gauge. After stand¬ 
ardisation, the bar should he marked with 
the exact diameter A, and the “ effective* 
diameter ” of the groove, together with the 
pitch for which it is intended. 


taken with the same vee pieces placed in the 
thread as at B. The core diameter is then 
obtained by adding to the known diameter 
of the plug gauge the algebraical difference 
between the two readings. It should be noted 



Fig. 53. 


that the thickness of the vee pieces need not 
be measured. If the measurements are made 
with a freely held micrometer, it is necessary 
to have two vee pieces for one of the contact 
faces to rest on in order to set the instrument 
square to the axis of the plug or screw. The 
floating micrometer type of machine described 
later requires only one vee piece for each meas¬ 
uring face of the micrometer. 

(vii.) Standard Reference Bars for Screw 
Measurement .—When making a large number 
of plug screw gauges of the same size it some¬ 
times simplifies matters to make a reference 
bar for the effective and core diameters. Such 
a bar can conveniently take the form shown 
in Fig. 54. It consists of two hardened steel 
washers with bevelled edges ground and 
lapj>ed to exactly half the thread angle and 
mounted on an arbor. If a thread-grinding 
machine is available the bar can be made solid 
and the vee groove ground in one end. The 
vee groove is measured with standard wires 
as if it were part of a screw thread and its 
“ effective diameter ” obtained. 


To measure the effective diameter of a screw 
all that is necessary is to mount the bar 
and the screw in the floating micrometer 
machine in turn and to obtain a micrometer 
reading over a pair of suitable size needles 
when placed in the groove or thread. The 
exact diameter of the wires need not be known, 
but it is quite important that they should be 
accurately cylindrical. The calculation of 
the effective diameter of the screw is very 
simple, e.g. if the micrometer reading over the 
wires when in the screw thread is 0-001 in. 
larger than when in the reference groove, the 
effective diameter of the screw is that amount 
larger than that of the bar. The same method 
applies to the core diameter measurement. 

§ (20) Test ox Concentricity of Dia¬ 
meters.- In making a plug screw gauge a 
common practice is to finish the flanks and 
roots of the thread simultaneously with one 
tool, grinding wheel or lap. The full diameter, 
however, is often finished as a last operation. 
'Fhe result is that although the effective and 
core diameters are usually accurately con¬ 
centric, the full diameter sometimes is appreci¬ 
ably in error in this respect with regard to the 
other two diameters. In examining screw plugs 
it is necessary that this point should be tested. 

The test of concentricity of the diameters 
is readily made on the floating micrometer 
type of machine. To test the concentricity of 
the full and effective diameters, a number of 
measurements are made over the screw with 
a standard wire placed between the thread 
and the micrometer face, the measuring face 
of the anvil being in direct contact with the 
full diameter of tho screw. If the measure¬ 
ment is constant as the screw is revolved it 
proves that the concentricity is good. To 
avoid errors due to bad centring of the screw, 
a special anvil should be used which has its 
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measuring face reduced in diameter to about 
0-05 in., so that for all ordinary pitches it 
rests on only one crest of the thread. 

The concentricity between the full and core 
diameters is tested in a similar manner, a 
single vee piece being used instead' of the 
standard wire. 

§ (21) Angle of Flanks of Thread. —The 
angles of the flanks of the thread are most 
readily measured by the use of microscope 
and optical projection machines as described 
in §§ (33), (<>8), and (09). It is possible, how- j 
ever, to obtain fairly close measurements of ! 
the total angle by taking measurements of the | 


as described in § (33), or on a projection 
apparatus as described in §§ (08) and (09). The 
latter method provides a means of making an 
accurate comparison of the actual form of the 
thread with that of the standard form. 

§ (23) Measuring Machines for the 
Effective and Fore Diameters of Plug 
Screws, (i.) Floating Micrometer Measuring 
Machine. — This form of machine for measuring 
the effective and core diameters of plug screw 
gauges was designed at the National Physical 
I Laboratory early in 1910, and has been made 
! in large numbers by Messrs. Taylor, Taylor 
| & Hobson of Leicester. 




effective diameter with two or more pairs of 
standard wires which differ in diameter and 
which will consequently touch the flanks of 
tho thread at different depths. The theory 
underlying this point is discussed in § (03). 
It should be noted that it is not possible by 
this method to obtain the errors in the angles 
of the individual flanks. The method of 
using more than one pair of cylinders gives a 
ready check not only on the value of the 
effective diameter, but also of the straightness 
of the llanks and the total angle of the thread. 

§ (22) Roundings at Crests and Roots, 
and General Form of Thread.— There is no 
satisfactory mechanical means of examining 
the general form of the thread of screw gauges. 
This very important part of the test, however, 
can be made very readily by optical methods 
cither in the microscope form of apparatus 


A general arrangement of the machine, 
which will accommodate plug ser(*w gauges 
up to 2 in. in diameter, is shown in Fig. f>5. 
It consists mainly of three parts, the bed 1, 
the intermediate slide 2, and the micrometer 
carriage 3. 

The bed carries a pair of centres, 4, for 
supporting the gauge, which is capable of 
being clamped in position. The intermediate 
carriage 2 can slide along the bed and is 
constrained to a straight line motion by virtue 
of the two longitudinal vee grooves in the bed. 
One of these grooves forms a guide for the pair 
of comeal-ended studs 5, which arc fixed at 
one side of the carriage ; the other side -is 
supported by its flat under - surface resting 
on a steel ball 0 placed in the second longi¬ 
tudinal groove in the bed. 

The upper surface of the carriage 2 is 
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provided with a juiir of parallel vee grooves 
at right angles to the line of centres. These 
grooves form a guide for the micrometer 
carriage which rests on steel balls (», the 
under surface of the upper carriage being 
provided with a suitable vee groove and flat 
surface. In this manner it is possible to move 
the micrometer carriage along the bed with a 
fairly free motion by sliding the lower carriage, 
and it can also be moved quite freely in a 
transverse direction by virtue of the rolling 
contact on the halls. 

The two upright parts of the micrometer 
carriage 3 are bored in line t<> take an adjust¬ 
able plunger 7 and a micrometer head 8 
respectively. The measuring faces of the 
plunger and micrometer head arc lapped flat 
and accurately square, to the axes of the parts 
so that they lie accurately parallel in all 
positions. 'Die plunger is a good sliding lit 
in its hole and, being provided with a knurled 
head, its position can he set to a nicety before 
it is clamped. The shank of the micrometer 
head is definitely clamped in position. The 
micrometer head consists of either Brown & 
Sharpie or Starrett standard make provided 
with a specially enlarged aluminium barrel and 
thimble, which was designed at the National 
Physical Laboratory. The thimble is gradu¬ 
ated into 125 parts, each division representing 
0-0002 in., and by this means it is possible 
to take readings to 0-UOUl in. with certainty. 
Two suitable supports 0 are lixed to the 
micrometer carriage from which the standard 
wires, or vee pieces, are suspended. 

It is essential that the common axis of the 
micrometer and plunger should be accurately 
square to the line of centres, and provision is 
made for making this adjustment. Hue of 
the conical-emled studs 5 in the intermediate 
carriage has its parallel shank eccentric t<> 
the cone. A screw-driver slot in the top allows 
the stud to be rotated, and so alters the direction 
of the micrometer axis over a small range with 
respect to the bed. The movable stud can 
be clamped Anally by means of the tightening 
screw shown. 

To test whether the adjustment is correct 
a well-centred plain plug gauge is mounted 
between the centres, and a standard wire of 
any convenient size is suspended on each side. 
With the plunger clamped in a suita ble position 
a measurement is made over the two wires 
and the plug when placed as shown at A in 
Fig. 50. The measurement is reflated after 
changing the wires into the position shown at 
B in the same figure. If the axis of the 
micrometer and plunger is accurately square 
with the line of centres the two measurements 
will be the same. If a discrepancy occurs a 
further adjustment of the stud 5 is required. 

It should be noted that this machine is not 
provided with any form of indicator for use 


when making settings. The micrometer is set 
by the method of “ feel “ or “ touch,” the 
thimble being rotated until it is felt that con- 



Kio. 50. 


j tact is made between Lath measuring fares and 
j the gauge. This method gives quite a definite 
! reading to an order of less than 0-0001 in., 
j provided the. micrometer head runs freely and, 

I above all, smoothly. The variation of the 
| “ feel ” between different observers is elimin- 
! ated by using the machine jus jx comparator 
! only, i.c. a preliminary measurement is made 
i on a plain plug gauge of known diameter, 
as described in § (If)). Incidentally, this 
method eliminates the effect of progressive 
errors in the run of the micrometer head, 
providing a standard plug is chosen whose 
I size approximates to the diameter of the 
i screw being measured. 

i When taking measurements on ji screw, the 
setting should be repeated in a number of 
places both round and along the screw- so as 
! to detect any lack of circularity or parallelism. 

In the measurements of the effective and 
core diameters, as described in § (10), it is irn- 
• possible to arrange the two standard wires or 
1 vee pieces to be diametrically opposite ; they 
1 must necessarily be separated axially by at 
; least half the pitch of the screw being measured. 
Nevertheless, the measurement made in the 
machine is ;x true diametral dimension since 
the axis of the micrometer is constrained to 
that direction ; the micrometer carriage can¬ 
not tilt round so as In measure obliquely over 
i the pair of wires or veos. 

I (^i.) Tilting Micrometer Machine.. -Another 
j type of machine which can he used for 
: measuring tin* effective and core diameters of 
' plug screw gauges is shown in Fig. 57. This 
; machine was also designed at the National 
| Physical Laboratory. The gauge is held 
; between centres jis before and the measure¬ 
ments are made with .a standard type of 
: micrometer l attached in a vertical position 
' to a carriage. 2, which is capable of tilting 
; about an axis parallel to the line of centres. 

, This carriage has two bull-ended set screws 
3 ami 4 resting in a vee groove in the bed 5, 
and which can be adjusted so as to bring the 
axis of the micrometer square to the line of 
centres. The carriage can be moved along 
the vee groove to suit the screw being measured. 

The machine is used in the same manner as 
described in § (Iff), except that the wires or 
vee pieces arc placed horizontally instead of 
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vertically. The counterbalance weight at the 
hack of the micrometer carriage is such as to 
tilt the micrometer upwards so that the lower 
wire, or vee-pieee, is dipped between the anvil 
of the micrometer and the screw. The other 
wire can then be readily inserted between the 
micrometer face and the screw. 

(iii.) Larger Type of Floating Micrometer 
Machine. Both the machines described above 
will serve for screws up to 2 in. in diameter. 
Fig. 58 shows a larger type of machine, 
designed on the same principle as the one 
shown in Fig. 55, and capable of measuring 
screws up to 7 in. diameter. This machine 
is fitted with the Newall type of micrometer 
head provided with a special enlarged thimble 
and barrel. A detailed explanation of the 





machine is not necessary as the functions of 
the various parts can be readily followed 
from the description of the smaller type of 
machine. 

This larger type of machine is being manu¬ 
factured .by Messrs. 0. Cussons, Ltd., of 
Manchester. Machines of a similar character 
are also made by Messrs. Alfred Herbert, Ltd., 
Coventry, and tin* Horstmann Clear Company, 
Bath. 

(iv.) Measuring Attachments for Lathes. 
—When cutting screw gauges on the lathe 

vol. m 
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it is desirable to make measurements of the 
effective and core diameters without removing 
the gauge from the centres. Fig. 59 shows a 
simple attachment to a latho for this purpose. 



A bracket B is damped on to the spindle of 
the tail stock of the lathe T, and projects 
horizontally backwards. Through a hole in 
B a turned spindle P is bolted. On this a 0- 
shaped saddle I) slides with an easy fit. On 
one end of 1) is fixed a plate A by means of 
three small screws. This plate carries at the 
front end a 0 to 2 in. micrometer M, with its 
spindle in a vertical position. The U-shapcd 
part of the micrometer is fixed to the arm A 
by two , ! V in. bolts spaced f in. apart. At the 
other end of A is a counter weight V, which 
is suflieiently heavy to slightly overbalance 
the weight of the micrometer, so that the anvil 


are inserted two thin washers. These serve 
to reduce the bearing surface between the two, 
so removing any danger of seriously distorting 
the micrometer, and also for the purpose of 
adjusting the micrometer square with the 
lathe centres. This adjustment can be made 
by the method indicated in Fig. 50 above. 

§ (24) Tun Measurement of the Pitch 
of Screws. —Several types of machines have 
been designed at the National Physical 
Laboratory for the purpose of measuring the 
pitch of external and internal screws. Gener¬ 
ally speaking, their principles of operation arc 
the same. The screw to he measured is 
mounted between centres or attached to a face 
plate, and fixed so that it cannot rotate. A 
specially shaped steel feeler piece or stylus, as 
shown later in Fig. 64, is traversed along the 
screw- in a direction parallel to its axis by 
the motion of a micrometer screw, and in 
such a manner that it rides in and out of the 
threads. This feeler piece is attached to an 
appliance which serves to indicate when it 
rests centrally in the various threads in 
succession. Readings of the micrometer are 
taken at the points of indication, and from 
these the pitch of the screw can bo readily 
obtained. 

A. Measurement of Pi.ro Screws 

The first machine to be described will accom¬ 
modate plug screws up to 0 in. diameter and 
an over-all length of 9 in. A photograph of tho 
machine is shown in Fig. 00. and a general 
| arrangement drawing in Fig. 01. 



of the micrometer holds 
the lower vee-piece or 
needle gently against 
the lower side of the 
screw S, and leaves the 
workman free to hold 
the upper one and to 
operate the micrometer 
head. Fig. 59 shows 
the micrometer and the 
vee • pieces in position 
for making a measure¬ 
ment of core diameter. 

When a measurement 
has been made the 
micrometer and its 
attachments A, I), and 
C can be moved away 
bodily, or preferably 
slid along the spindle 
P to the right so as to 
be clear of the work, 
with the anvil of the 
micrometer resting against the lower side of 
the lathe centre, which should be wrapped 
with a piece of cloth. 

Between the arm A and the micrometer 


Fig. f»0. 

(i.) Structure of the Machine .—There are 
three main portions to the machine —the lied A, 
the. Sliding liar B (carrying the micrometer), 
and the Indicator and Saddle K. 
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The bed A carries a pair of centres C\ 
and 0’ a to hold the screw being measured. 
The shorter centre on the right is not 
moved once it has been adjusted to suit the 
micrometer travel. 'The position of the long 
centre C 2 can be adjusted to suit any length 
of screw up to 9 in. in length and is fitted 
with a spring at the point to keep a sufficient 
pressure on the screw to prevent it rotating 
during the measurements. 

The sliding bar B has a vee groove along its 
base and runs on two groups of three bulls, 
(ij and (.I,, placed in a similar groove in the 
bed. The upright portion of the sliding bar 
has a hole through it which clears the short 
centre rod < ,- t and is guided off the rod by two 
set screws S, and S*, which aro adjusted so as 
to allow a free endwise motion without too 
much shake between the points of the two 
screws and the centre rod. The micrometer 
head M, which is of the standard Brown 
and Sharpe pattern of 1 in. range, is fixed in 
the sliding bar at the top of the upright 
portion. The thrust of the micrometer 
spindle is taken by an anvil rod L through 
an adjustable strut p in a manner detailed 
in Fig. 62. This strut has a centro at the 


Spherical End P 




Fig. 02, 


outer end into which fits the conical end of 
the micrometer spindle. The other end is 
spherical and hears against the conical end 
of the hole drilled in the anvil L. By this 
means any want of truth in the rotation of 
the conical end of the micrometer spindle is i 
taken up by a swivelling motion of the strut, 
whilst the actual thrust of the micrometer is 
not concentrated at a point contact, hut is 
spread somewhat over the surface of the conical 
centre at the outer end of the strut. A weight 
X keeps the sliding bar pulled towards the 
left so that the micrometer remains in contact 
with the anvil. 

The micrometer head is provided with a 
graduated dial N, which reads against a fixed 
dial T attached to the end of the short 
centre rod. 

The indicator saddle Q is carried on the 
sliding bar and can be adjusted to any position 
along the machine by means of a long smew 
fitted with a hand-wheel d. When in position, 
the saddle can be clamped to the sliding casting 
by the screw a in front. 

When testing the pitches of screws longer 
than 1 in. it is necessary to make the measure¬ 
ments in two or more settings of the saddle 
on the bar B. 


(ji.) Indicator .—The indicator is fixed to 
a cross slide D, which is carried on the 
saddle Q. This slide allows the Avhole 
indicator to be moved towards or away 
from the line of the centres by an adjusting 
screw g, to suit the diameter of the screw to 
he measured. 

The hardened steel stylus P which engages 
with the thread of the screw being measured, 
is fixed to one end of the first lever which 
is supported above the cross-slide by a steel 
strip and a strut E. The other end of this 
lever is forked ; the fork embraces a crank 
It pivoted on a jewelled bearing and has 
a very light pointer /» fixed to it, the crank 
and pointer thus forming a second lever. 
The axis of the second lever is tilted 3° side¬ 
ways so that the weight, of the pointer keeps 
the crank against one side of the fork at the 
end of the first lever with a very light 
pressure. The front end of the pointer moves 
over a sector-shaped part H of the indicator 
frame on which a line O is scribed. As 
the stylus moves in arid out of the thread 
it causes a pure bending of the strip which 
has no effect on the pointer. If the stylus be 
subject to a side strain, it causes the strip 
to twist about the axis XX, which- thus 
becomes the virtual fulcrum of the first 
lever. Thus, a lateral movement of the 
stylus relative to the carriage Q is indi¬ 
cated by a movement of the pointer, 
the magnification of the movement, being 
appn>ximutely 760. 

The general action of the indicator in a 
vee thread can be readily seen from the 
three diagrams A, B, and (J in Fig. 63. A 

Motion of Indicator 


Stylita 



shows the stylus in contact with the right 
flank of the thread, and the pressure on it is 
as shown at IJ 1 ; at C the contact is changed 
over to the left Hank and the pressure is U 2 , 
B shows the stylus in contact with both 
flanks, and it is in this position that the 
pressure changes from the direction U l to 
U 2 , with the result that the stylus twists 
about the axis XX referred to above. This 
twisting motion causes the pointer to move 
from left to right over the section H, and 
when it is opposite the lino O the side 
pressures on the stylus are equal. The reading 
is taken on the micrometer when this occurs 
and the operation is repeated throughout the 
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length of screw, the stylus riding auto¬ 
matically in and out of the threads during the 
process. It will be noticed that the steel 
strip has a dual function. When the stylus 
is in position B the strip acts as a pivot and 
the lever turns about XX. In the positions 
A and C the strip is acting by bending to 
allow the stylus to ride up and down tho 
flanks. 

For measuring the pitch of vee threads 
the indicator is adjusted by means of the 
adjusting screw h and the two clamping screws 
i and j, so that when in its free position, 
i.e. with no side pressure on the stylus, the 
pointer is opposite the line. For square 
threaded screws it is necessary to adjust the 
indicator by means of the screw h, so that 
there is a light side pressure between the 
stylus P and the flank of the screw chosen 
for measurement. 

(iii.) tttylu '*.—The machine is provided with 
a set of seven indicator points P, having a 
graded series of radii at the ends and suit¬ 
able for measuring the pitches of all 
Whitworth form threads from 4 to 40 
threads per inch. If a thread other than 
of Whitworth, form has to be measured, a 
suitable point is chosen from among the set 
by trying them in the thread and selecting 
the one which touches about half-way clown 
the flanks. 

(iv.) 0militated Dials .—The thimble of the 
micrometer head is provided with a sleeve 
to which a number of interchangeable 
and specially graduated dials N can he 
attached. These dials allow rapid measure¬ 
ments to bo made of all the commoner 
pitches without having to resort to any 
calculations. The dial shown on the machine, 
which has 9 equal divisions, serves for 
measuring pitches having 9, 18, or 3b threads 
per inch. 

Consider the ease of a screw having 9 threads 
per inch. The number of revolutions of trie 
40-thread per inch micrometer spindle corre¬ 
sponding to a travel of the indicator of }, 
of an inch is equal to i.e. 4 and *. 

Consequently, if the zero line on the disc N 
is opposite a particular mark on the scale 
of the lixed disc T when the stylus is rest¬ 
ing in one thread of the screw, it will be 
necessary 1o rotate tho disc through 4 and £ 
revolutions to bring the stylus into the next 
thread. Moreover, if the pitch of the thread 
is quite correct, the fourth line on tho disc 
will arrive exactly opposite the samo mark 
on the lixed disc T. If the pitch is not correct, 
however, the line will deviate from the mark 
by an amount proportional to the error in the 
particular pitch, and this error can be read 
off directly on tho scale of the lixed disc T. 
If the indicator is now moved into the next 
thread its error with respect to the zero 


thread can also be read off in the same manner. 
Thus, by taking readings on successive threads 
it is possible to obtain directly the cumulative 
errors in the pitch of the screw throughout its 
length. A complement of eight such specially 
divided dials permits of very rapid measure¬ 
ment. of the pitches most frequently met 
with. 

In addition to these special dials, the 
machine is also provided with another which 
is fully divided into 250 parts and which is 
used when measuring any odd size of pitch 
such as occur on B.A. or 8.1. threads. In 
this case it is necessary to take actual readings 
of the micrometer disc against the zero line 
on the fixed disc at each setting of the 
indicator, and to calculate the errors after¬ 
wards. 

(v.) Method of Measurement .—The method 
of sotting up a plug screw in the machine for 
measurement is simple. The appropriate dial 
for the pitch of the screw is put in place on 
the micrometer, which is unscrewed to the 
1 in. end of its run and set so that the zero 
lino on the dial N comes opposite the 5 lino 
on the scale of the lixed dial T. The screw is 
then set up between the centres, and the 
indicator brought opposite the lirst thread 
at the left-hand end by means of the hand- 
wheel il. The indicator is then fed in towards 
the screw- by means of the adjusting screw ij 
until, with the stylus touching both flanks of 
the thread, the small pointer a ou the top is 
about -o 1 ,} in. away from the line p, scribed 
on the upper surface of the indicator. This 
ensures a reasonable pressure between the 
'stylus and the screw. The locking screw 0 
is then tightened. The indicator is next 
adjusted by means of the hand-wheel d until 
the pointer comes approximately opposite the 
line 0, and t he indicator saddle is then locked 
on the bar B by means of the screw a. To 
bring the pointer exactly over the line 0 
without disturbing the zero setting of the 
micrometer, the screw is turned slightly on the 
centres. Tho micrometer is now rotated in a 
right-handed direction until the stylus enters 
the next thread. The pointer is again brought 
exactly up to the line 0 and the reading is 
taken. The operation is repeated in each of 
the threads in turn, the pointer automatically 
climbing up the flanks of the threads and over 
the crests. Having reached the end of the 
screw a checks reading should be made on 
the first thread. In this manner a series 
of readings is obtained such as is given 
below. 

The first, set of readings are those obtained 
from a Whitworth screw having 18 threads 
per inch, by using the special dial for this 
pitch. The second set are those of a No. 0 B.A. 
screw where it was necessary to use the fully 
divided dial. 
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•SntF.w ok Nominal Pitch 
18 Threads per Inch 

Head ini? on Seale i Cumulation Error i 
of Dial T ' in l’ileli j 

(l’nit-0 0U01 Ineli). (Unit — 0-0001 Inch). 


5 0 
5() 

<; 3 

0-7 

7- 8 
80 

8- 2 
8-5 
8-7 
9 0 
8-8 
9 1 
51* 


0 0 
MH5 
4 Ml 
+ 1-7 
+ 2-5 
4-2-8 
4 3 0 
+3-2 
i 3 5 
I 3-7 
| 4-0 
1-3-8 
+ 4-1 


* Check reading. 

The errors in pitch are shown plotted in 
Fig. 04. 

'Phis diagram shows that the over-all error 
in pitch is long by approximately 0-0004 in. 

v. Inches 
2 + 0-00041 


will he noted that*the mean pitch is short hy 
approximately 0-0003 in. over the length of 
the screw and, superimposed oil this, there is 
a periodic error of ± 0-0002 in. which recurs at 
intervals of 2£ pitches, i.e. 2-0 mm. This 


Pitches 





and that the bulk of this error occurs over the 
first half of the screw. The pitch is free from 
any marked irregularities or periodic error. 

No. 0 B.A. Screw. Nominal Pitch 1 mm. 


No. of 
Thread. 

Read ini? on I 
! Fully 

■ Divided Dial 
(Inches). 

Dilferenre 
from Zero 
Reading 

(Inches). 

i 

Nominal 

Pitch 

(Inches). 

Cumulative 

Error 

1 in I’iteh 
' (inches). 

0 , 

| 0 14550 I 

0-00000 

0-00000 

| 0-00000 

I 

1 0-18487 

0-03937 

0-03937 

■ 0-00000 

2 

0 22394 1 

0-07844 

007874 

; — o-ooo3o 

3 

0 20309 1 

0 11819 

011811 

! i 0-00008 

4 

(Mil >259 | 

0-15709 

015748 

, - 0 00039 

5 

0-34205 1 

ft-19055 

0-19085 

; — 0-00030 

6 

j 0-38105 j 

0-23015 

0-23022 

! - 0 00007 

7 

0 42004 ! 

0 27514 

! 0-27559 

0 00015 

8 

! 0-40038 

ft 31488 

0-31490 

1 - 0-00008 

9 i 

0-49933 

0 35383 

0-35433 

1 - 0-00050 

1° ! 

0-53892 

o-aosij 

0-39370 

-0-00028 

11 

0-57823 ' 

0-43273 

0-43307 

- 0-00034 

n i 

0 01732 

0-47182 

0 47244 

- 0-00062 

13 

0-05708 

0-51158 

0-51181 

- 0-00023 

0 t 

0-14548* 





* 

Cheek reading. 


The diagram in Fig. 

65 shows 

the result j 

errors due 


indicates that the screw was probably cut on 
a lathe having a 10 threads per inch lead screw. 

It may be noted that: by titling the machine 
with a metric micrometer head the measure¬ 
ment of screws having millimetre pitches 
would be greatly facilitated. 

The accuracy of the measurements made on 
the machine depends upon the accuracy of the 
readings of the micrometer head. As the 
readings even of a new micrometer head may 
have an error of as much as 0-0002 in. over 
the one inch rang”, it is necessary to make a 
calibration of the machine to determine the 
errors. This calibration is readily made by 
taking a screw gauge of known pitch and 
obtaining a set of measurements upon it. 
The difference between the measured and the 
true errors gives the errors in the readings 
along the run of the micrometer screw , these 
errors can then be plotted in the form of a 
calibration chart for the machine. When 
measuring the pitches of other screws, refer¬ 
ence should be made to this chart and due 
allowance made for the errors 
of the machine. 


P>. Mk.ASIIHEM KNT OF 111 NO 
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§ (25) ft ktaii s of Machine. 
—The machine described above 
can be readily adapted for 
measuring the pitch of ring 
screws. The arrangement is 
shown in Fig. 60. The ring to 
be measured is mounted in a 
chuck or on a face plate 
fastened to the right - hand 
centre. The stylus is lilted to 
the end of an auxiliary lever 
which is supported on a steel 
strip and which engages at the 
rear end with the main indi¬ 
cator as shown. The measure¬ 
ments arc made as described 
above in the ease of plug screws. 
In order to eliminate possible 


obtained on plotting the errors in pitch. It j being square to the face on which it is damped, 
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(/, which moves the sleeve relative to the 


it is necessary to take two sets of readings 
along opposite generator lines, the ring being 
rotated on its axis for this purpose. The 
mean of two such sets of measurements gives 
the desired result. 

§ (20) Pitch Measuring Machine with 
Optical Indicator.— Another design of pitch 
measuring machine is shown in Fig. 67. 
The general principle is the same as that for 
the machine just dcvscribcd, but the construc¬ 
tion is .simpler. 

The micrometer head is provided with a 
graduated brass disc 4| in. diameter, which 
is fully divided into 250 parts, each of which 
represents 0*0001 in. The bar which carries 
the indicator carriage is supported olT the 
bed on halls and is guided against vertical 
flat faces on the lower pat is of the two brackets 
which carry the centres. The whole machine 


post. 

The operation of the stylus is the same as ex¬ 
plained in the diagrams A, B, (’ of Fig. 63. 
Whilst in position B, the image moves across the 
screen and the micrometer is set so that the 
image coincides with a line h marked on the 
surface of the glass. This setting is repeated 
on the various threads in turn and the errors 
of the pitch obtained as described previously. 

An important point to be noted in the 
designs of the above machines is the position 
of the micrometer. In each case this is 
arranged so that its axis is as closely as possible 
co-linear with the direction of motion of the 
stylus along the screw. This eliminates to a 
large extent the effect of errors in the straight¬ 
ness of the lied of the machine. 

The two machines shown in Figs. 61 and 67 



Fig. 6G, 


is slightly tilted forward in order to Keep the 
bar gently in contact with these guiding faces. 

The indicator gear is the same as for the 
machine previously described so far as the 
first lever is concerned. The first stage of the 
magnification is obtained mechanically and is 
about 20 times: the second stage is obtained 
optically and is about 25 times. The total 
magnification is thus about 500. The lever u 
carries at its rear end a lens b, of about J in. 
focus. A small 2-volt lamp r, with a straight 
filament, is fixed to a sleeve on a pillar i just 
above the lamp. The image of the lamp 
filament is formed on a ground-glass screen g, 
placed at the front of the machine, after being 
reflected from the two mirrors e and /, which 
are to he seen in the side view. The mirror/ 
is in the form of a long strip which is fixed to 
the bed of the machine and extends along its 
length. The mirror e, and the lamp e, are 
carried on the post i , which is attached to 
the indicator saddle. The image of the lamp 
filament can he carefully focussed on the 
screen by means of the knurled-headcd screw 


arc being manufactured by Messrs, G. Cursors, 
Ltd., of Manchester. 1 

Kor descriptions of other methods of 
measuring the pitches of screws reference 
should he. made to the optical screw-measuring 
machines described in (33) and (69). 

5? (27) Mechanical Measurements of Kino 
Screw Gauges, (i.) Tests by Mains of Plug 
('furls. -Several machines have been designed 
and various methods devised for taking me¬ 
chanical measurements of the diameters of 
ring screw gauges. These are described later, 
see §§ (30) and (31). 

The method most commonly used, however, 
up to the present, both during the manufacture 
and for thclinal inspection, is to make use of 
a series of “ go ” and not go ” plug check 
gauges—a system which was originally devised 
by Mr. W. Taylor. 

The following plug check gauges are neces¬ 
sary for inspection purposes where Whitworth 
and B.A. screws are concerned : 

' Sec Hr fart of the Salional Dtysiml Laboratory, 
1!U0 and 15)20. 
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(a) A “ go ” screw gauge having the correct 
form of profile and whose dimensions arc all 
on the lower limit of the ring gauge. 

(b) A “not go” plain plug gauge whose 
diameter is equal to the upper limit of the 
core diameter. 

(c) A “ not go ” plug for the effective 
diameter consisting of a screw plug, whose 
effective diameter is on the upper limit of j 
the ring, and which is cleared on the full and 
core diameters. 

(d) A “ not go ” plug for the full diameter 
consisting of a deep and thin thread screw 
plug, whose full diameter is on the upper 
limit of the ring. 

To make a rigid test oil the effective 
diameter of the ring, the “ not go ” cheek (r) 
for that element should be cleared everywhere 
except for a short length of Hank at the half- 
depth position. It is usual, however, to make 
the length of the Hanks of such checks equal 
to at least half that of the standard prolile. 
The full form “go” screw plug should have a 
length of screw at least as great as that of the 
ling to be tested to enable account to be taken 
of the whole of any progressive error which 
may exist in the pitch of the latter. The 
“ not go ” screws (c) and (d) should he only a 
few threads in length. 

For manufacturing purposes it is found 
desirable to augment the above list of cheek 
plugs hy three go ” plugs for the individual 
diameters. If the rings are being screwed 
on the lathe, or lapped to size after harden¬ 
ing, such “ go ” checks coupled with the 
corresponding “ not go ” cheeks enable 
the individual diameters to be opened out 
separately with minimum ri.sk of making 
any of them too large. When the state is 
arrived at where the ring gauge is large enough 
to take the three “ go ” cheeks it should also 
allow the full form check to pass comfortably, 
otherwise it would be an indication of probable 
eccentricity between the diameters. • 

It should be noted that the system of using 
plug chocks docs not take complete account 
of the rounding of the crests and roots of the 
threads. The “ go ” full form check ensures 
that no extra metal exists on llie roundings, 
but, on the other hand, no means is provided 
for ascertaining whether any undue clearance 
has been made. For this reason, and also as 
a check on the general form of the thread, it I 
is necessary to inspect the prolile of the thread 
in the same manner as for plug gauges. To do 
this a cast of the thread has first to be made, 
and this is inspected in an optical projection 
apparatus such as described in § (Off). 

(ii.) Examination of Thread Form by Means 
of Cash.- Various materials have been used 
for making the easts, among which may be 
mentioned plaster of Paris, dental wax, a 
mixture of sulphur and graphite containing 


93 per cent, of the former to 7 per cent of 
the latter, and various type metals. What¬ 
ever the material used, the east should be taken 
of only a section of the ring as shown in Fig. 68, 
so that it can be removed from the latter 
without having to unscrew it, a process which 
would destroy the 
accuracy of the 
cast. 

Taking the case 
of plaster, this 
should be obtained 
of a good quality and very finely ground— 
the description used by dentists answers 
the purpose very well. The gauge should 
be thoroughly cleaned and its screwed surface 
afterwards very lightly oiled with a brush 
to prevent the east adhering to the metal. 
The ring is then clamped between the jaws 
of a vice or special clamp, as shown in 
Fig. 6ff, leaving room to pour in the plaster, 



j which is mixed with water to form a very thin 
! creamy liquid, dust before the plaster has 
I set quite liard, which occurs in about 15 
! -minutes, the east is very carefully removed 
| from the ring and should l>e examined im¬ 
mediately on the projection apparatus. The 
I lilting shown in Fig. 70, which has the neces¬ 
sary adjustments for setting up the east, may 



l’iu. 70. 


}>e used with advantage. It is usual to take 
two or even three casts from each ring at 
different positions round the circumference, 
in order to obtain a cheek on the concentricity 
of the diameters. 

Plaster of Paris has been found to give the 
most satisfactory results for gauges over J 
in. diameter. Under this size dental wax, 
which softens in hot water, will be found 



Fig. 68. 
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most serviceable, and by careful manipulation 
it is possible to obtain satisfactory results with 
this material on very small gauges. 

Fig. 71 shows a reproduction from a projec¬ 
tion diagram of the thread of a No. 8 B.A. ! 
ring gauge from a cast in dental wax. The 
magnification is 50 to 1. 

It is a well-known fact that easts produced 
from the materials mentioned above are 



the easts are used only for examination <>f the 
form of thread, the error due to this effect 
has been proved to be negligibly small. It 
would not be safe to attempt to ascertain the 
pitch of the ring gauge's from measurements 
made on the east, as a much greater length of 
east would he involved and the error due to 
warping might he serious. 

§ (28) Mechanical Measurements of 
Diameters by Slip Gauges and Special 
Fittings. —Provided the diameter of a screw 
ring gauge is larger than about .J in. it is pos¬ 
sible to measure the diameters mechanically. 

(i.) Core Diameter .— This can be measured 
with a pair of plugs and slip gauges in the 
same manner as for a plain ring gauge. See 

§ ( ? ) (4 

(ii.) J'Jffechi'e Diameter. —This is measured 
in a similar manner to the measurement of ar 
plug screw with standard wires, except that 
the wires are replaced by steel balls. Although 
it is not always possible to obtain a steel ball 
which will touch the threads exactly at the 
half-depth, balls can usually be found among 
the small commercial inch and millimetre 
sizes which approximate to this condition. 
It is not possible bv this method to deal with 
pitches much finer than about 24 T. l\I. 
Whitworth form, as the smallest size of ball 
made is And of an inch. 

The actual measurement with the halls is 
rather awkward as there are several loose 
pieces to handle. The method is shown in 
Fig. 72. Two balls, a, a, are placed in the 
threads on one side and a third, b, is placed 
diametrically opposite, the kalis being con¬ 
veniently held in position with soft wax. 
A combination of slip gauges, c. Is then wrung 
up and adjusted to size until it will just 
fit between the balls. The measurement is 
not at all easy to make, and the result even 
after careful standardisation of the balls cannot 
be relied on to an accuracy much better than 
+ 0*0003 in. 

The method can be made somewhat simpler 


in practice, although at a further sacrifice of 
accuracy, by omitting the two balls on the 
one side and by using instead a small cylinder 



placed parallel to the axis of the gauge and 
resting on the crests of the threads. 

(iii.) Full Diameter .—The full, or crest, 
diameter can he measured in a similar manner 
by making use of a special lilting of the type 
shown in Fig. 73. This consists of a 

rectangular steel slip, ground and lapped on 
the under surface, and having on the upper 
side a truncated conical point, shaped in such 
a manner that the rounded 
point will reach to the f\ f/) J\ 

crest of the thread of the ^—l-> 

ring. The measurement, is Km. 73. 
made from the core dia¬ 
meter diametrically opposite by using a, small 
cylinder in conjunction with a combination 
of slip gauges. The full diaunder is deduced 
from a previous measurement of the core 
diameter together with this measurement of 
the depth of the thread. 

§ (20) Measurement of Effective Dia¬ 
meter by Means of Expanding Gauges.-- 
Several types of expanding plug gauges have 
been designed for tin* purpose of measuring 
the effective diameters of ring screw gauges. 
Descriptions of such gauges will be found in 

§ m■ 

§ (30) Experimental Machine for the 
Effective Diameters of King Screw 
Gauges. —The experimental machine shown 
in Fig. 74 was designed by Mr. E. M. Eden 
of the National Physical Laboratory in 1010. 

The ring of which the effective diameter is 
to be measured is clamped ii. the vee block 
A, which is capable of vertical adjustment by 
the screw B. G is a small bar \i<h spherical 
ends, the diameter of the spheres being the 
“best” size for the particular thread to be 
measured. The over-all length of this rod is 
rather less than the core diameter of the ring 
to lie measured. The bar is rigidly attached 
at right angles to the end of the pointer D, 
which is pivoted at the point E, so as to 
oscillate in a horizontal plane. The carriage 
F, which is supported on four halls resting in 
vee grooves, carries the fitting G pivoted 
at II ; this fitting is thus free to swing back¬ 
wards and forwards in a horizontal plane, 
the amount of its travel being limited by the 
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two set-screws Kj and K a which bear against 
steel plugs let into the fitting G. The carriage 
can be moved along its bed by means of the 
screw J, but it has about J,-> in. <>f free 
movement for any position of the screw J. 
The end of the pointer carries a fine cross-wire, 
a magnified image of which is observed on 
a horizontal scale. The arrangement of the 
optical system for producing this magnification 
is indicated in Fig. 75. The total magnifica¬ 
tion should bo between 500 and 1000. At L, 
and I, 2 are two internal vee pieces which can 
be moved across the machine (in the plane 
of the ring which is being measured) by means 
of the two micrometers. The angles of these 



vee pieces arc each 55°. The weight M serves 
to keep the fitting 0 definitely against one or 
other of the set-screws on the outer carriage. 

The method of using this machine for the 
measurement of the effective diameter of a 
screwed ring is as billows : 

The ring is fixed into the vee block, and, 
by means of the screw J, the double-ended 
rod is fed into the ring, the height of the 
latter at the same time being adjusted until ( 
the bar is approximately along a diameter of j 
the ring. By hanging the weight over one 
of the pulleys, the fitting G ft made to rest 
against one of the two set - screws, say Kj. 
This set-screw is then adjusted until the image 
of the cross-wire on the pointer is near the 
centre of the scale. The height of the ring 
to he measured is then carefully adjusted 
by means of the screw B by observing the 
position of the maximum deflection of the 
image of the cross-wire. At the same time, 
the position of the carriage is so adjusted by 


means of the screw J that the amount of free 
movement of the carriage is sufficient to ensure 
that the spherical end of the bar C is resting 
freely on both flanks of the screw thread of the 
ring. When both of these adjustments have 
been satisfactorily secured the set - screw K x 
is adjusted until the image of the cross-wire 
on the pointer coincides with a fixed line on 
the scale. The weight is then hung over the 
other pulley so that the fitting G is resting on 
the set-screw K., and the other spherical end 
of the rod (’ is resting in the opposite side of 
tbe screw thread. The position of the carriage 
is again adjusted by means of the screw J, 
and the set-screw K a is set until the image of 
the cross-wire is again coincident with the 
same fixed line on the scale. 

The ring is now removed, and one end of the 
apherical-ended rod is allowed to rest in one 
of the vee pieces, say L t . After having 
adjusted the position of the carriage as above, 
so that the spherical end rests freely on 
both Hanks of the vee, the micrometer con¬ 
trolling the position of the vee piece Lj is 
adjusted until the image of the cross-wire 
is again coincident with the fixed line on the 
scale. The same process is then repeated 
with the spherical end resting in the other vee 
piece L 2 . The settings of the screws K l and 
K 2 are still the same as when the screw gauge 
was in position. The readings of the micro¬ 
meters are taken and their sum noted. 

Finally, the spherical-elided rod is removed 
from the end of the pointer and held between 
the vee pieces and L 2 , which are adjusted 
by means of their micrometers until L, and L 2 
are just in contact with the two spherical ends. 
The readings of the micrometers are taken 
and their sum M 2 noted. 

Now, if / — overall length of the spherical- 
ended rod, and p ~ the “ P value” 1 of the 
spheres for the particular pitch concerned, 
then the effective diameter ri of the ring at 



E“-(Mj - M a ) !-{/-- />)• 

Tn the case of small rings with coarse pitches 
the usual correction for lake will have to be 
mado. 2 

§ (31) The “Shaw” Screw - measuring 
Machine.— This machine was designed by 
Dr. P. R Shaw of Nottingham University 
for the measurement of diameters and pitches 
of both plug and ring screws. 

A detailed description of the first design 
will be found in Engineering, January 24, 1919, 
and various improvements are mentioned in a 
further article dated December 19, 1919. 

The full diameter of a plug screw has to be 
measured independently with a micrometer. 

‘ See § (63). 

4 See Report of the National Physical Laboratory, 

1021. 
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The effective and core diameters aro then 
deduced from it by taking measurements of 
the “ effective ” depth ami total depth of the 
thread on the machine. In the case of ring 
gauges, the core diameter is measured inde¬ 
pendently ; the effective and full diameters arc 
then obtained by taking similar measurements 
of depth on the machine as for plug screws. 

The total depth of the thread for either a 
plug or a ring gauge is ascertained directly 
by measuring the displacement in a diametral 
direction A of a conieal-ended pin when 
resting first on the crest of the thread*and then 
at the root, as shown in Fig. 76. In the case 


Fig. 70. I'm. 77. 

of the “ effective ” depth, the measuring pin 
is furnished at its point with a steel ball 
which will rest about half-way down the 
flanks of the thread, as shown in Fig. 77. 
•The vertical measurement It is made, and, 
knowing the diameter of the steel ball and the 
pitch of the screw, it is possible to calculate 
from this measurement the difference between 
the full and effective radii or the core and 


obtain the required diameters to within 
+ 0*0001 in. Moreover, any inaccuracy in 
the independent measurement of the full 
diameter of the plug or the eft re diameter of 
the ring will recur in the values obtained 
for the other diameters. 

Practical tests on the nv chine, using screw 
gauges of known size, have given measure¬ 
ments of the diameters which agreed with the 
correct values to within ± 0 0001 or ± 0-0002 in. 

The method of making the depth measure¬ 
ments will be readily understood from the 
diagrammatic general arrangement of the 
machine, shown in Fig. 78, in which a plug 
screw is shown mounted for measurement. 
Ring gauges are held in a chuck as shown in 
the separate view, the shank of the chuck being 
clamped in the left-hand “ centre ” bracket. 
The measuring pin 1, with its axis vertical, 
is clamped at the end of a tilling lever 2, which 
has equal arms. This lever rocks on two steel 
balls bearing in a triangular recess and a slot 
formed in the upper surface of the carriage 3, 
which slides freely on the bracket 4, supported 
from the bed. The outer end of the lever 
rests in contact with the foot of a dial indicator 
5. As the carriage is moved the pin travels 
along the screw, rising and falling in the thread, 
and its vertical motion (A or B of Fig*. 76 and 
77) is registered by the dial indicator. The 
latter can ho calibrated over the small range 
used by means of standard slip gauges. 





FIG. 78 


effective radii of the screw according to 
whether it is a plug or a ring. From this differ¬ 
ence the effective diameter is readily deduced. 

It is to he noted that the measurements A 
and B have to he, dtin hied in deducing the two 
required diameters from the full or core 
diameter as the ease may he, and consequently 
these measurements will need to be made to 
an accuracy of ± 0-00005 in. in order to 


To measure the pitch of either ft plug or 
ring gauge, the ball-pointed pin is fixed in 
the end of the lever and the carriage is moved 
so that the pin registers in the various threads 
in succession. The translation of the carriage 
is measured by means of a graduated scale 6 
fixed to the slide and viewed through a 
stationary microscope 7, which is carried off 
the bracket 4. The scale is divided to suit 
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the pitch of the screw. If the screw being 
measured has 14 threads per inch, a scale 
accurately divided into ,hths of inches would 
he used. Provision is made by means of a 
micrometer head 8 for adjusting the position 
of the scale on the slide so as to bring a line 
under the cross-wire of the microscope when 
the pin is in the first thread. Any error in 
the pitches of the subsequent threads will be 
noted by a lack of coincidence of the cross¬ 
wires and the lines on the scale. Such errors 
can be readily measured on the micrometer 
head by moving the scale so as to restore the 
coincidence. The micrometer head should be 
provided with an enlarged dial to obtain 
accurate readings. 

A mechanical method of measuring the effec¬ 
tive diameters of screwed rings, devised by 
Mr. G. A. Tomlinson of the National Physical 
Laboratory, will be found in § (7) (i.) ( d). 

§ (32) Optical Measurements of ►Sckew 
Gauges. —As a general rule optical measure¬ 
ments of screw gauges cannot be made to the 
same accuracy as mechanical measurements, 
and, in particular, the results obtained by 
inexperienced observers are more liable to 
error. On the other hand, as screw gauges 
may have errors which cannot be detected 
by mechanical measurement, the possibility 
of examining a magnified image of the thread 
form is an extremely valuable aid both in the 
production and verification of screw gauges. 
Further, mechanical measurement of the 
diameters of a screw gauge can be made 
conveniently at only a few points on its 
surface, whereas in an optical apparatus the 
whole of the screwed surface of a gauge can 
be examined in detail, the faults seen, and, 
if necessary, measured. For example, errors 
in angle, want of straightness of the Hanks 
of the screw, bad form at roots or crests, 
local thickening of the threads, eccentricity 
between different diameters, local humps 
and hollows can be readily detected by 
optical means. 

The present general practice in the examina¬ 
tion of plug screw' gauges is to measure the 
diameters and pitch of all sizes larger than 
about No. 8 B.A. by the mechanical methods 
described previously. The angle and the 
general form of thread only are examined by 
optical means. With the exception of the 
full diameter it is not possible to make 
mechanical measurements with any degree 
of certainty on screws smaller thfin No. 8 B.A. 
The examination of very small screws has to 
be carried out completely on some form of 
optical instrument. 

Tho optical machines used for this purpose 
may be conveniently divided into the two 
classes : 

(i.) Microscope Apparatus. 

(ii.) Projection Apparatus. 


The two types are very similar, in fact the 
second is a development of the first. 

§ (33) Microscope Apparatus for Screw 
Threads. —The general principle of the micro¬ 
scope apparatus will be gathered from Fvj. 70. 
A microscope M held rigidly in a bracket is 
illuminated from below by a parallel beam 
of light derived from a suitable lamp and 
condenser L. A pair of centres Cj, C 2 support 
tho screw gauge S, so that its axis AB is at 
right angles to that of the microscope. The 
latter is focussed on the diametral plane DE 



Fig. 71). 


of the screw' and a magnified image of tho 
prolib* of the screw will be seen on looking 
through tho eyepiece. This image will not 
be seen clearly unless the protile of the thread 
be correctly illuminated, and for this to be the 
case the beam of light from the condenser 
must be parallel, and its axis must follow 
the slope of the threads as shown in the front 
elevation. If the angle of the illumination 
is not correct, one set of Hanks will be less 
clearly defined than the other. It is essential 
that the microscope should be accurately 
focussed on to the plane DIO, otherwise the 
image seen will not be that of a true diametral 
section of the screw. 

The importance of accurate adjustment of 
the focus when dealing with small screws and 
using n fairly high magnification cannot bo 
too strongly emphasised. The measurement 
of the effective diameter is most seriously 
affected by lack «>f attention to this point. 

From the front elevation view it is evident 
that where tho rake of tho screw is large 
the light which forms the image passes through 
only one side of the objective, and should the 
rake be abnormal, no light will reach the eye¬ 
piece and no image will be seen. To obtain 
an image under these conditions, either the 
aperture of the objective must be increased or 
special arrangements made for sliding the 
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eyepiece laterally. The relative squareness 
of the microscope and screw should not ho 
altered to suit any such requirements, either 
by tilting the microscope or the gauge, although 
some machines arc provided with such false 
adjustments. 

In order to make the required measurements, 
the eyepiece of the microscope is provided 
with cross-wires which can he made to co¬ 
incide with different parts of the image of the 
profile in turn. These measurements are 
carried out by means of a pair of micrometer 
screws which give a relative motion “between 
the microscope and screw in one plane with¬ 
out altering their mutual perpendicularity 
or the focus of the microscope. In practice, 
this relative motion is produced by means of 
a compound slide which gives two motions 
at riglit angles to each other. In some 
machines t he microscope is made to move and 
in others the centres (\ and C 2 carrying the 
screw gauge, are mounted on the upper carriage 
of the compound slide, the microscope in this 
case being fixed. In addition, the microscope 
is usually mounted so that it can he rotated 
in its holder about its own axis, the amount 
of rotation being read on a circular divided 
scale. 

(i.) Measurement of Full and (’ore Diameters. 
—The microscope is rotated so as to bring 
the cross-wire parallel to the crests of the 


threads. The micrometer which controls the 
diametral movement is then used to bring 
the cross-wire in coincidence with the images 
of the crests and roots 
on each side of the 
thread in t urn, as shown 
at. A, B, V, and I) in 
Ftij, 80. The full and 
core diameters a r c ob¬ 
tained by suitably sub¬ 
tracting the readings in 
pair's. Account should 
he taken of any errors 
in the readings of *thc 
micrometer screw, 
which should be cali¬ 
brated previously by 
taking set s of observations on a series of plain 
[ilug gauges of known sizes. 

(ii.) Measurements of Effect.)re Diameter. - 
The cross-wire is turned so that it becomes 
parallel to one sot of Hanks and settings such 
as E and F in Fig. 80 are made by means of 
the. micrometer screw. A similar pair of settings 
G and 11 are then made on the other set of 
flanks. The differences between the readings 
with the cross-wire turned in each direction 
are noted. 1 


aV 

‘g 


vra. 80 . 


• As the rake of the thread reverses when opposite 
Hides of the screw arc brought into view, it is neces¬ 
sary to alter the. direction of the illuminating bean* 
whenever the screw is made to traverse across the 
field of the microscope. 


If the screw has no pitch error and if the 
motion of the screw has been accurately at 
right angles to its axis, the difference be¬ 
tween the readings referred to above would be 
the same and would each be equal to the 
effective diameter. It is usually found, 
however, that the two values differ slightly, 
but if the error in pitch and the error in the 
direction of motion of the screw are both 
small, the mean of the two differences will give 
the effective diameter. 

If the pitch error is periodic or irregular, or if 
the error in the mean direction of the traverse 
of the screw is large, the mean of the differences 
obtained by the above procedure will not. in 
general be the true effective diameter. 
Further, if the angle of the thread is out of 
square with the axis of the screw, or if the 
Hanks are not straight, it is not possible with 
the ordinary cross - wire method to obtain 
a reliable measurement of the effective dia¬ 
meter of the screw. Thus in the case of a 
screw of faulty form, the microscope method 
gives (by inspection) an indication of the 
nature of errors, but may fail to measure 
one principal element of the screw ; on the 
other hand, the mechanical method, which 
gives this important measurement, may fail 
to afford any information as to other serious 
errors. The two methods are thus comple¬ 
mentary one of the other; it is only in tho 
ease of very good work that they become 
practically interchangeable. 

(iii.) Measurement of Fitch .— The cross-wire 
is adjusted parallel to one set of Hanks, as 
shown at E in Fig. 80, and, by means of the 
second micrometer screw which controls the 
motion in the axial direction of the screw, 
settings are made on each Hank in turn 
throughout the length of the screw. A 
similar set of readings is then made with the 
cross - wire set parallel to the other set of 
Hanks. The errors in pitch are computed 
and plotted (in the manner indicated in § (24)) 
for each of the sets of observations. Generally 
speaking, the two results obtained will differ 
if there is any taper in the screw, or if the 
direction of the motion is not exactly parallel 
to its axis. Unless the difference is large, 
however, the mean of the two sets will give 
the mean errors in pitch along the screw. In 
order to obtain correct results cognisance must 
be taken of any errors in the pitch of the 
micrometer screw itself. 

(iv.) Measurement of Angle .—The micro¬ 
scope is rotated in its holder so that the cross¬ 
wire is brought successively into the positions 
E, A, and G (Fig. 80), on one thread, and the 
corresponding readings are noted on the 
divided circle. The difference between the 
readings at E and G gives the total angle of the 
thread. The squareness of the thread ran be 
ascertained by comparing the two angles 
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Tho micrometer screws have a pitch of 
0*5 mm. and are provided with drums divided 
into 50 parts, each of which, therefore, repre¬ 
sents 0 01 mm. By estimation, it is possible 
to take readings to 0*001 mm. 
first to be designed, is shown in Fig. 81, and a The microscope can be roughly focussed by 
complete description will be found in Engineer- sliding it bodily in the tube (>. For tine 
ing, Nov. 13, 1903. adjustment the tube and microscope can be 

In this type of machine the gauge is carried moved together relative to the supporting 
on centres or held in a chuck on a compound bracket by means of a micrometer screw 7. 
slide 1, which works on an inclined bed plate 2. It is generally sufficiently accurate to set 
Tho diameter micrometer 3 will be seen at the the microscope by focussing on the points of 
top and the pitch micrometer 4 at the side, the centres. For small screws, however, it 
The goniometrie microscope 5 is held in a becomes necessary to make a more refined 
bracket 8 attached to the bed plate. The setting, and this is done by focussing on to 

the crests of the threads at 
T in Fig. 71), and then 
lowering tho microscope by 
moans of the micrometer 
screw 7 through a distance 
equal to half the measured 
full diameter of the screw. 
This type of machine is now 
made in two sizes. The 
smaller size, which is in¬ 
tended primarily f'*r B.A. 
screws, will accommodate 
screws up to 12 mm. dia¬ 
meter hv 25 mm. length 
of screw. The larger 
machine will take screws 
up to 40 mm. diameter 
by 00 mm. length of screw. 

§ (35) Tim “Herbert” 
O 1* T I C A L M JSA8UKINC 
Machine. — This machine, 
which was designed by 
Messrs. Alfred Herbert, 
Ltd., Coventry, is shown 
in Fig. 82. The box- 
Kxg. 81 shaped hod 1, which is 

about 18 in. long by 8 in. 

illumination is obtained from a Nernst lamp 1 square section, supports a saddle. 2 carry- 
9, shown at the upper right-hand side, and the ing a pair of centres. This saddle can slide 
light after passing through a condenser is alohg the bed and is guided in a vee groove in 
reflected in the direction of the microscope the latter. A bracket 3 is fixed to the rear 
by means of a right-angle prism placed of bed and supports a compound slide 4 
beneath the bed plate. carrying a microscope 5. The position of the 

The beam is directed along the rake of the [ latter is controlled by two micrometer screws 
screw by altering the position of the lever 10, 0 and 7, as shown, and, in addition, the micro- 

situated in front of the lamp, which tilts the scope can he rotated about, its own axis as in 
reflecting prism about an axis parallel to that tho case of the machine just described. The 
of the microscope. The lever is provided with 1 illumination is derived from a lamp and 
an index and scale of degrees, so that the rake mirror attachment 8 fastened to the front of 
can be set accurately to any ^desired angle the bed. 

on either side of the zero. The earlier types The travel of the micrometer screws is 1 in., 
of machines had provision made for tilling and by suitably arranging the initial position 
the microscope to accommodate the rake of of the microscope it is possible, by means of 
the thread. It is essential, however, that the these micrometers, to completely measure 
microscope should always be kept square to I plug-screw gauges up to l in. diameter by 1 
the axis of the thread, the adjustment for in. length of screw in the manner described 
rake being made on the illuminating beam previously. The pitches of screws up to 12 
only in. in length can also be dealt with in steps 



turned through from position K to A and 
position A to G. 

§ (34) Cambridge Scientific Instrument 
Company’s Microscope Screw - measuring 
Machine. —This machine, which was one of the 
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of 1 in. at a time by the use of suitable end 
gauged 9. inserted between a stop 10 fixed 
at the left-hand end of the bed, and a similar 
stop 11 attached to the end of the saddle 2. 
(Jaiiges differing by 1 in. are used in turn, and 
the micrometer screw 7 serves for making 
measurements at intervals in each of the 1-in. 
steps. 

In such a type of machine, where the micro¬ 
scope is made to move, great care has to he 
taken to prevent any tilt of the microscope 
axis as it is moved from one position to 
another. The guiding surfaces must he 
carefully adjusted for straightness, and there 
must he no trace of play in the slides. How¬ 
ever good the workmanship may be, it is 


Another tyjie of optical screw measuring 
machine is made by La Societe Genevoiso of 
Switzerland. This machine is of the fixed 
microscope type and comprises a number of 
special attachments for the standard end- 
measuring machine made by the same firm. 
A description of these attachments will be 
found under the general description of Hie 
machine given in § (74). 

(30) IVUFCTJON Af’PAKATUS FOR TKSTIMl 
So mow (rAUOES.—The microscope type of 
apparatus described above for the measure¬ 
ment and examination of thread form of screw 
gauges has now been displaced to a great 
extent by the optical projection type of 
apparatus. This apparatus enables a shadow 



practically impossible to prevent some slight 
amount of error occurring, due to tilting of the 
microscope. Provided the error is of a per¬ 
manent character it can he overcome by 
calibrating the travel of the two micrometer 
screws successively against a known scale, 
the surface of which is placed at the height 
of the centres, i.e. at the normal position of the 
focal plane of the microscope. 

In addition to the measurements of plug 
screw gauges this machine can he used as an 
ordinary travelling microscope for measuring 
lengths no to 12 in., the piece to he measured 
being placed on the movable saddle 2. By 
the use of the compound micrometer motions 
and the goniometrie microscope, the machine 
also serves other useful purposes in the work¬ 
shop, sudi as the measurement of taper 
gauges, profile gauges, forms of cutting tools 
and holes, local ion of holes in jigs, etc. 


like image of the profile of the screw thread, 
magnified a definite number of times, to be 
thrown on to a screen. This image is then 
compared with a diagram of the standard 
form drawn to the same magnification, and its 
variations from the true form can be readily 
seen and measured with a scale. In addition 
to the examination of the form of thread on 
this type of apparatus, it is also possible to 
carry out complete measurements on a plug 
screw gauge by mounting it on a carriage 
whose motions i*rc suitably controlled by micro¬ 
meter screws, 

The projection apparatus has distinct ad¬ 
vantages over the microscope apparatus : it 
is less fatiguing to use, and it allows a direct 
comparison to he made between the actual 
form of the thread and the standard form. 

The subject of gauge projection apparatus is 
dealt with more fully in $j§ (64) et »eq. 
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§ (37) Measurements oe Taper-screw 
Gauges.-- Taper-screw gauges can be divided 
into two main types : 

Type I., in which the thread is square to 
the axis of the screw {Fig. 83). 



Type II., in which the thread is square to 
the coned surface {Fig. 84). 



§ (38) Taper-plug Screws, (i.) Measure 
mc.nl of Outside Diameter.-- The ra*e of taper 
of the outside diameter and the actual diameter 
at the upper or lower end can be measured 
by the method described in § (9) for plain j 
taper plugs. A slip gauge should be inserted i 
between each cylinder and the gauge so as *<» j 
bridge over the threads; the thickness of the j 
slips should be allowed for in the calculations, i 
(ii.) Measurement of Depth and Thickness of i 
Thread. —The depth and relative thickness of j 
the thread can he readily cheeked to a reason- ■ 
able degree of accuracy by the system of 
optical projection, which allows a comparison 
to be made between an enlarged image of the ; 
thread and corresponding diagram of the 
theoretical thread form. Measurements can i 
also be made with vee pieces and standard ; 
wires, as in the case of parallel screws, but, j 
owing to the difficulty of locating the axial j 
position of such measurements, it is convenient 1 
to compare them with measurements of the j 
full diameter made in the same position. The 
method adopted is as follows 

The gauge is placed between the centres of 
a floating micrometer machine, such as de¬ 
scribed in § (23). Referring to Figs. 83 and j 
84, the faces of the machine are brought • 
into contact with any two crests of the gauge j 
at a and a t and the diameter F, is recorded on 
the micrometer. The micrometer carriage is j 
then moved along its slide so that a similar 


measurement F a can bo made on the crests a 
and a* and the mean value F of the two 
measurements is calculated. For the thread 
thickness, two standard wires of suitable size 
are taken and placed on opposite sides of 
the gauge at A and A,, care being taken not 
to rotate the screw. Having obtained the 
measurement- E, over the wires in this posi¬ 
tion, the wire A, is transferred to the position 
A., and a second measurement E a is taken. 
The mean E of the two measurements E, 
and E a is then calculated. In the case of the 
thread depth, vee piece* are used instead of 
the wires and two similar measurements are 
taken. Let the mean of these two measure¬ 
ments diminished by the thickness of the 
vecs he denoted bv 0. 

The measurements at the crests and over 
the wires and vee pieces should be repeated 
at two or three places along the screw and the 
difference (E-F) and (F-C) determined at 
each position. 

The difference between the mean measure¬ 
ments E and F is a measure of the relativo 
thickness of the thread, whilst the difference 
between F and C is a measure of the thread 
depth. To check the accuracy of the screw 
from such measurements it is necessary to 
compare the measured difference (E F) .and 
(F-C) with those calculated from the theo¬ 
retical dimensions of the thread. The follow¬ 
ing formulae give the theoretical values of 
the two differences for the two types of taper 
screws : 

Let ft --Semi-angle of cone, 

a -Semi-angle «*f screw thread, 
p — Pitch of screw, 

R, Radius at crests of threads, 

R., - Radius at roots of threads, 
r Mean radius of standard wires used. 

Type. I .—Thread square to axis of gauge 
{Fig. 83), 

E - F — 2(r - R,) + 2(r i- It,) eosec a- p cot a, 

F - 0 - p cot a - 2(R, \- R 2 )(cosee a - 1). 

Type //.--Thread square to coned surface 
( Fig. 84), 

E F - 2(r - R,) + 2(r -t R,) eosec a cos ft 

- p cot a cos ft, 

F - 0 = p cot a cos ft 

- 2( It, + R 2 )(coscc a cos ft - I). 

When comparing the measured differences 
with those obtained by calculation, due allow¬ 
ances must be made for any errors found 
in the previous measurement of the full or 
outside diameter. It may be pointed out 
that the outside diameter, the measurement 
of which is described in (i.) above, is not quite 
the same as that denoted by F in the above 
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formulae. The difference, however, is usually 
quite small and can Ini safely ignored. 

(iii.) Measurement of Pitch. —This element 
of a taper - plug screw is measured most 
conveniently on the vertical projection 
apparatus described in § (69). The method 
adopted is similar to that described for 
parallel plug screws in § (09) (viii.), except 
that in addition to moving the screw axially 
by the pitch - measuring micrometer screw, 
it is also necessary to translate it in the 
diametral direction in order to keep the image 
of the threads in view. 

(iv.) Measurement of Thread Angle and 
Examination of General Form of Thread.—Fov 
this purpose the screw should be mounted in 
either a microscope machine, such as described 
in § (33), or in a projection machine, as de¬ 
scribed in §§ (08, till). The inclination of the 
flanks to the line joining the crests is measured 
in the first ease by rotation of the cross-wires 
and in the second by means of a “ shadow pro¬ 
tractor” (see § (09) (vii.)). The general form 
of the thread is examined most conveniently 
in the projection machine by comparison of 
its image with an enlarged diagram, 

§ (39) Taper -ring Screws. —This form of 
gauge is usually tested by means of a series 
of taper-plugs, noting the axial positions 
in which the latter assemble with the ring. 

A complete set of taper cheeks would be as 
follows : 

(a) A full form screw. 

( b ) A plain taper-plug for the core diameter. 

(c) A full diameter screw cheek the threads J 
of which are cleared on the flanks and at the 
roots. 

(d) An effective diameter screw check whose 

threads are cleared everywhere except on the 
flanks. j 

Each of these checks should be provided 
with a stepped shoulder to indicate the upper 
and lower limits for the ring gauge. 

In order to test the accuracy of the tapei 
of the ring it is desirable to make the checks 
(/>), (<•), and (d) only a few threads in length 
and to make them in duplicate, so that one 
check engages with the ring towards the 
smaller end and the other towards tin* opposite \ 
end. 

It is a difficult matter to make direct meas¬ 
urements of the pitch of a taper-screw ring, 
but a fairly accurate test can be obtained 
by having an effective diameter plug check 
whoso length is at least equal to that of the 
ring and of correct pitch. The behaviour of 
this cheek in the ring, as compared with that 
of the two short effective diameter checks, 
will give an indication of the accuracy of the 
pitch of the ring. 

The angle and general form of the thread 
of the ring can be examined by taking a east 
of a sector of the gauge as described in § (27) 


(ii.). The cast is then tested on an optical 
projection apparatus. 

§(•10) Special Gauges and Instruments 
FOR TESTIN’Cl SCREW THREADS. (i.) “ Go ” 
and “ Not Go ” Gap Gauge for Screws .— 
Designed by Mr. W. Taylor of Taylor, Taylor 
& Hobson, Ltd., Patent No. 0900. 

This gauge is of the form shown in Fig. 85, 
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which is taken from Report No. 38 of the 
British Engineering Standards Association. 
The three conical points a, a, and h are ac¬ 
curately ground to an angle of 55° and are 
truncated so as to clear the root of the thread. 
The pair aa, in the lower jaw of the gauge, are 
placed at a distance apart equal to exactly 
twice the number of threads contained in a 
nut corresponding to the size of bolt to be 
gauged. The third point 6 is fixed to the 
other jaw at the midway position. The 
diametral position of t his point is set by means 
of a standard male screw, correct in pitch and 
angle and on the upper limit of effective 
diameter. A flat face c is fixed in the lower 
jaw opposite the single point. A standard 
wire d, whose diameter is such that it will 
touch the thread about half-way down its 
depth, is chosen, and the face c is adjusted so 
that the wire will just enter the thread of a 
screw which is correct in pitch and angle and 
whose effective diameter is on the lower limit 
of acceptance. 

In testing bolts or screw, if they enter the 
gauge and the “ not go ” cylinder d refuses 
to pass between the thread and the face c, 
then the screw is within the limits on effective 
diameter, and also the errors present in pitch 
and angle are not sufficiently large to virtu¬ 
ally increase the effective diameter above the 
upper limit, over a length equal to that of a 
standard nut. 

(ii.) Effective Diameter Gauge for Nuts .— 
Designed by Mr. ii. S. Powell. 

This gauge is shown in Fig. 86. Tho two 
limbs a, a, which work on a pin p, are furnished 
at the ends of their shorter arms with points 
b t by rounded at their ends to such a radius 
that they sink about half-way down into the 
thread to be gauged. The other ends have 
adjustable contacts r, c, screwed in, and a 
spring d tends to keep these contacts together. 
The ratio of the arms is 5 to 1. 
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As originally designed, the instrument was 
intended as a “ not go ” effective diameter 
gauge. It was first inserted in a master ring 
gauge whose 
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Fig. 86. 


elective dia¬ 
meter was on 
the upper limit 
of the work t<> 
be tested, and 
tho eon tarts 
were adjusted 
by screwing 
into the arms 
until they just 
met. When 
testing work the 
spring foreed 
the. gauging 
points apart, 
and if the ring 
was not too 
large on its 
effective dia¬ 
meter the con¬ 
tact points r, c, 
would fail to 
meet. If by 
sighting or by 
tin use of a 
very thin “ feeler” it was found that the points 
met, then the work was rejected as being too 
large. 

This type of gauge ean also be used for 
making eomparisons of effective diameter of 
ring gauges by reversing the contact points c, r, 
so that it is possible to micrometer across 
them. It will also serve for the measurement 
of the full diameter if the gauging points 
b,b, are made sufficiently 
sharp to reach the crest 
of the thread. 

(iii.) Tit if lor Expanding 
Effextire Diameter Ding 

O l Screw flange .— Designed 

e L* *>y Mr. W. Taylor. 

- Patent Xo. 124001. 

This gauge takes the, 
form shown in Fig. 87 
and is made up of two 
legs a, a, hearing on a 
hardened steel pivot b at 
one end, and held to¬ 
gether by the hoop¬ 
spring c at the top. 
The thread at the other 
end of the gauge, which is of the usual 
form for a “not go” effective diameter gauge, 
is finished to a certain measured size when 
the two legs are clamped together at the 
free end by a ring d on a suitable size 
distance piece. Whilst in this state the outer 
surfaces of the legs are carefully ground 
cylindrical. A collar e, whose bore is some- 
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what larger than the ground diameter of the 
arms, is fitted oil after the distance piece has 
been removed. On releasing the screw of 
the clamp ring slightly, a position ean be 
found when the collar will just, lodge on the 
! outside of the legs towards the lower end. 

; The effective diameter across the centre of 
* the screw can then be measured with standard 
Mires, and this diameter will correspond to 
I the position of tin* collar, which can be suitably 
marked by a line on the ground surface. In 
this nftinner the gauge ean he calibrated for 
i a number of positions of the collar along the 
! gauge. The bore of the collar must not be 
! much larger than the ground diameter of the 
J gauge, as the rotational separation of the two 
| halves of the screw about the pivot b will 
| cause the threads to become inclined, and if 
j this effect is allowed to go too far a serious 
I error will arise. For the same reason the 
j range of any particular instrument must he 
j somewhat restricted. 

When using the gauge to test work it is 
| inserted by closing the two halves together 
I and afterwards allowing them to separate so 
S that the threads hear correctly in the ring. 

I The collar e is then allowed to slide down 
; until it takes up its position on the outside 
! of the gauge. Its location on the scale then 
i gives the effective diameter direct. 

} This form of gauge has a comparatively 
I long life as it is not subject to wear in screwing 
: it into or out of the work. Mr. Taylor has 
utilised the same principle in the design of 
i split ring gauges, full details of which arc 
; given in the Patent Specification. 

(i\.) '’Scissor" flange for II.. 1. Screws .—- 
Designed by Mi. W. Taylor. 

A diagram of this gauge is shown in Fig. 88. 
It consists of two portions a, a, approximately 



Cure Out. Effr.ctiuv D/a. Full Dia. 

Fia. 8H. 

rectangular in section, which hear together on 
a pivot b, the, necessary force being supplied 
by the spring 0. Tin; two jaws of the gauge 
ean be brought together until contact is made 
! on tho faces d, d. When in this position a 
I number of holes are made half in each jaw. 
« The outer hole is tapped with a full form 
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screw of the correct nominal size of the screws 
to lie tested. The next hole / is not tapped 
but is finished to a diameter equal to the 
lower limit of the full diameter of the screw. 
The screwed hole g has the form of thread 
shown in the enlarged diagram, and is such 
that it bears only on the flanks of a screw, 
its effective diameter is equal to the lower 
limit. This hole consists of only a few threads, 
the remainder being eleared away. The last 
hole h is tapped w it h a steep angle thread and 
with sharp crests so as to emue in contact, 
only with the roots of the screws. Its core 
diameter is equal to the lower limit of the 
screws. "Phis hole also comprises only a few 
threads. 

In testing screws they are inserted in the 
different holes in turn and the two jaws 
dipped together. When in the hole e it 
should be possible to bring the faces dd into 
contact and yet leave the screw free in the 
hole. If the screw hinds in the hole it is too 
large. When inserted into any of the other 
three holes the screw should bind in each ease 
when the jaws are dipped together. 

This split type of gauge has tin* advantage 
that it is not necessary to screw the thread to 
be tested in and out of the gauge, so that the 
gauge has a comparatively long life. The 
different holes of the gauge are readily cheeked 
by a correct nominal size master screw for 
the hole c and by another which has all its 
diameters on the lower limit for the other three 
holes. 

(v.) Adjustable Flag (ianges for Measurin'/ 
the Ditrh and. Ffje.rtirc Diameter of Screwed 
Itintjs. Designed by Mr. T. Bmwctt, l'atent 
No. 1201107, and developed bv the National 
Physical Laboratory. 

'Pile first of these two gauges is shown 
in Fig. 89, and is intended for measuring 
the pitch and effective diameters of screwed 
rings having 14 threads per inch Whitworth 
form and full diameters ranging from 1-994 
to 2 013 in. 

The gauge has an interrupted thread as 
shown, each portion consisting of two com¬ 
plete turns of thread so as to allow measure¬ 
ments of the effective diameter to he made by 
placing standard wires in the groove. The 
form of the thread is shown in diagram A, 
the crests and roots of the threads being 
cleared so that the, gauge operates only on 
the flanks of threads to be tested. 

The upper of the two portions of the screw 
is cut on the body of the gauge 1. and the 
lower portion on the end of the plunger 2, 
which is an accurate (it inside the body. The 
screws are cut as parts of a continuous thread 
when the body and plunger are located 
together by means of the- taper pin 2. On 
removing this pin it is possible to alter the 
relative positions of the screws in an axial 


j position by means of the differential micro- 
I meter screw 4, the necessary guidance being 



meter screws on the spindle are threaded 
20 and 25 threads per inch It.II., so that one 
revolution of the spindle causes an axial 
displacement, of (1/20- 1/25) in., i.o. 0-01 in. 
Backlash is prevented in the micrometer 
screws by means of the spring shown. The 
head of the spindle is provided with a thimble 
0, divided into ten main parts, each part 
being subdivided into fifths, so that one small 
division represents an axial movement of 
0-0002 in. 

The screw of the gauge is finished to size 
and the distance between the two portions of 
the. screw is made equal to exactly 12 pitches 
when the taper pin is in position and when 
the micrometer reads zero. The effective 
diameter is such that the gauge will just 
st rew into the smallest size of ring which 
it is intended to test. 

Before screwing the gauge into a ring the 
taper pin 2 is removed, since, owing to possible 
I errors in pitch of the ring, it may he necessary 
i to adjust the micrometer screw to allow the 
i upper portion of the screw' to enter. With 
: the gauge screwed completely in the ring 
the micrometer spindle is rotated as far as it 
will go, lirst in one direction and then in the 
other, readings B, and K 3 being taken on 
the thimble for each position. The fits of the 
j micrometer screws and the plunger of the 
I gauge are sufficiently free to make the “ feel ” 

I of the micrometer quite definite. 

I Diagram A of Fig. 90 show's the positions 
! of the two portions of the serew r of the gauge 
| when t hey have been separated ns far as pos¬ 
sible, and diagram B when they are brought 
I as close as possible. The error in the pitch of 
1 the ring over 12 threads is equal to [a \-b ); in 
the figure this error is negative, i.e. the pitch 
' is short. Now from the two diagrams A and 
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B, the actual diminution of the distance 
between the two portions of the gauge from 
setting A to setting B is given by 

(l* T + Hj) - (I* T - lt 2 ), i.e. R 4 + R 2 , 
and from the diagrams this is equal to 

2ft f- 2(6-j- Rj). 

2a + 2(6 i R 1 ) = R 1 + R a , 



In other words, the error in pitch is given 
by the difference of the mean reading from 



the zero position of the micrometer. Also, j 
the sense of the error is obtained by noting j 
for which direction of rotation of the micro- j 
meter the reading is larger. From the design j 
of the differential screws it is clear that if j 
the reading obtained by screwing clockwise 
is the larger, then the pitch of the ring is 
long, and rice versa. 

From Fig. 90 it is obvious that the effective 
diameter of the ring is appreciably larger than 
that of the gauge, and the difference between 
the two is clearly measured in terms of the 
sum of the readings Ltj and It.,. In diagram 
0 the length pq represents |(1< 1 -i- R 2 ). The 
difference in the effective radii of the ring and 
of the gauge is equal to rs, so that the effective 
diameter of the ring is larger than that of the 
gaugo by an amount 2 x/-.$. This is equal to 
pq . cot 0, i.e. ^(R 1 +lt 2 ) cot 0. In the case 
of Whitworth thread, 0 — 27i° and cot 0 is 
equal to 1-92098. Consequently the differ¬ 
ence in the effective diameters is equal to 
0-90 x^+R*). 

To take a practical example, suppose in a 
particular ring gauge it is pot&iblc to screw 
up the micrometer spindle in a clockwise 
direction by an amount registered as 5 divi¬ 
sions from zero, and the amount registered 
in the opposite sense is 12 divisions. The 
pitch of the ring is clearly short and by 
an amount equal to £(12 - f>) divisions, 
i.e. 0-0007 in. The effective diameter of tlu¬ 
ring is larger than that of the gauge by 


0-90 x (5 + 12) divisions, i.e. 0-0033 in. approxi¬ 
mately. 

It should be noted that, in addition to 
standardising the gauge from the dimensions 
of its screw, it can readily be checked on a ring 
gauge whose pitch and effective diameter are 
accurately known. 

The gauge described above serves for 
measuring the pitch over the length taken up 
by a certain number of threads, and it gives 
a mean value of the effective diameter of the 
ring at the two positions corresponding to 
the two portions of the interrupted thread of 
the gauge. It. is desirable, however, to be 
able to measure the effective diameter of a 
ring at several positions along its length, and 
for this purpose the gauge shown in Fig. 91 
was designed. This gauge differs from the 
former, shown in Fig. 89, only with regard 
to the interrupted thread. The end of the 
plunger is dovetailed into the end of the body 
and on the enlarged portion two complete turns 
of thread are cut, two diametral quadrants 
of the thread being on the body of the gauge 
and the other two on the plunger. As before, 
the two portions of the thread can be moved 
in an axial direction relative to each other 
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by means of the differential micrometer screw. 
The method of use and the calculation of the 
difference in effective diameter arc the same 
as for the first type of gauge. 

This gauge has the advantage over the 
former type in allowing a number of local 
measurements of the effective diameter of a 
ring to be obtained. 

(vi.) Adjustable Jliug Gauge for B.A. Screws. 
—Designed by Mr. II. I. Brackenbury. 

This gauge, which is intended for B.A. 
screw's, is shown in Fig. 92. It consists of a 
circular base 1, which has a recess turned in 
its upper face. A disc 2 fits in this recess and 
is held in place by means of the retaining ring 3. 
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The disc 2 can bo turned relative to the 
base 1 when the ring is screwed home, but 
there is no axial play between the disc and 
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the recess. An accurate hole is tapped through 
the two parts 1 and 2 so as to be a continuous 
thread. This hole forms the gauging parts of 
the instrument. As originally designed, the 
hole w r as threaded with a screw having a full 
form thread, hut better results are obtained 
if the core and ‘full diameters arc cleared, 
leaving only the Hanks of the thread. 

The method of using the gauge is to first 
screw the thread to be tested completely 
into both parts of the gauge and then to 
rotate the disc 2 as far as it will go, first in 
one direction and then in the opposite sense, 
the amounts of rotation being read oil the scale 
on the disc against a line on the upper surface 
of the base. From these readings it is possible 
to estimate the errors in pitch and effective 
diameter of the screw in a manner similar 
to that described for the gauges in Figs. 89 
and 91. The error in the effective diameter | 
is proportional to the amplitude of the angular 
motion of the disc, and the error in pitch is 
proportional to the mean of the two rt adings. 
The gauge is standardised by taking readings 
on a plug screw gauge of known effective 
diameter and pitch. 

It should be borne in mind that errors in 
the angle of the thread will affect the mea.ure- 
nients of the effective diameter when using 
such gauging instruments as shown in Figs. 
89, 91, and 92. The measurements actually 
give the virtual effective diameter, i.t;. the 
effective diameter at the half depth of the 
thread augmented in the case of plugs, and 
diminished in the ease of ring screw, by the 
amount corresponding to the error present in 
th» angle. 

Adjustable ring gauges for measuring the 
pitch and effective diameter of larger sizes of 
screws can be designed on the principle shown 
in Fig. 92, but an improvement can be made 
by limiting the thread in each portion to one 
or two turns as in Figs. 89 and 91. 

(vii.) Special Gauge for Plug Screws .—With 
the exception of certain of the types of gauges 
described above it is usually necessary to 
screw the work and the gauge together. This, 


in time, causes wear of the gauge with corre¬ 
sponding inaccuracy in the results obtained. 
The gauge about to be described, which is for 
plug screws, permits of-d.be work being in¬ 
serted directly between certain gauging points 
which not. only saves wear on the gauge, but 
also results in a saving of time for the actual 
gauging operation. 

The gauge which is patented under the 
names of Sir Henry Fowler, Mr. C. 11. Taylor, 
and Mr. H. J. Alpc (Patent No. 110555) is 
shown in Fig. 92, of which A represents a 
diagram of the side view with one side cover 
removed, B a view of the screw and the 
gauging points, and Ca plan of the instrument. 
The gauge consists essentially of a steel block 2 
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| having a transverse gap 3 for accommodating 
the screw 1 to bo tested. A plate 4, which 
constitutes the tixed gauging member, is 
screwed to the block 2 on the one side, and a 
similar gauging member 5 is pivoted slightly 
eccentrically to the block and diametrically 
opposite on the other side of the gap, as shown 
at II. Each of the gauging members is 
provided witri a pair of projecting teeth, the 
form of which may be the complete profile of 
the thread, or they may be cleared at the 
crests and roots so as to engage only with the 
Hanks of the threads of the screw' to be tested, 
if the gauge is not required to take account 
of the errors in the full and core diameters. 
The relative position of the two gauging 
members is indicated on the scale by the index 
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point <>, which forms the end of a thin pointer 
attached to the rotating member 5. A linger* 
piece 7 is provided for holding the screw 
firmly in the gap during the measurement. 
To insert a screw, this linger-pieco is raised 
by means of the spring-controlled plunger 
K, which also slightly rotates the gauging 
member 5 so as to widen the gap between the 
points. Having placed the screw in the 
gap, the plunger is released. This first allows 
the linger-pieco to damp the screw in the gap 
and in contact with the fixed gauging member, 
and then permits the movable member to 
rotate on its pivots until it makes contact 
with the other side of the screw. 

The pointer 0 is set to the zero of the 
instrument when an accurate screw or gauge 
lias been inserted in the gap. The distance 
between the gauging points on the lixod 
member 4 is equal to the length over which 
it is required to test the screw, and it should 
be noted that, in the case of the truncated 
points the reading indicates not only the 
error in the effective diameter <>f the screw, 
but. in addition the equivalent of the errors 
in the pitch and angles of the Hanks—in other 
words, the error of the “virtual” effective 
diameter. If the points are made with full 
form protiles the gauge acts as a full form 
high limit gauge; it then takes account also 
of the errors in the full and core diameters. 

In order to inspect the form of the thread, 
a suitable microscope 9 is incorporated in the 
instrument, and provision is made for tilting 
this microscope so as to view in the direction 
of the rake of the thread. The tilting adjust¬ 
ment is not strictly correct, as the protile seen 
is that of an oblique section, normal to the 
direction of the rake, instead of a true dia¬ 
metral section of the thread. The error 
involved, however, is not serious for the pur¬ 
pose of the instrument. 
The field of the micro¬ 
meter is illuminated 
through a small hole in 
the hinged plate. The 
eye-piece is provided with 
a graticule as in I 1 'iff. 94, 
which allows the image B 
of the thread of the screw 
to be compared with the two standard profiles 
A and B, which are set out to the correct mag¬ 
nification and which are separated diametric¬ 
ally by a distance representing, to the same 
scale, the radial tolerance on tVie diameters 
of the screw. 

The gauging points are hardened, and as 
the screws do not have to be screwed in and 
out of the gauge, the points retain then- 
accuracy of form over a relatively long period. 

§ (41) Methods ok generating Thread 
Forms and producing Screw Gauges. — 
Accurate single - thread tools designed to 
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complete the whole thread form in one opera¬ 
tion are often used in the production of screw 
gauges on a large scale. Those tools frequently 
take the form of discs, as 
shown in Fig. 95, in which 
the cutting edge a can bo 
ground back as required. 

All such tools, however, 
have to be originated from 
single- point tools ; the latter 
consequently form the basis 
from which all accurate 
screwed work is ultimately 
derived. 

One of these single-point 
tools is shown in Fig. 9(>, 
and such tools may be used directly in 
the production of gauges where only small 
numbers are required. The tools must have 
the sides of the vee at the correct angle and 
must also have the correct radius at the 
point. The sides of the tool can lie made to the 
correct angle, and 

thr aiijilc. ran Ik- n~| P J—T-M- Jj R 

measured without l I J A — A - 1 I - h> 

special difficulty, 
but the exact radiusing 
of the point is not so 
easy. If the amount of 
shortening S is incorrect, 
the tool will not cut the 
core and effective dia¬ 
meters of a screw in 
correct relation to each I'm. t>(5. 

other. Jf, for example, 

the shortening is insufficient, then, when the 
tool is fed up to the work so as to make the 
effective diameter correct, the core diameter 
will be left too small. 

To obtain a tool with the correct shortening, 
a first approximation at any rate may be 
obtained by first grinding and lapping it 
perfectly sharp with an angle of exactly bo" 
and, measuring its length with a. micrometer 
from the sharp point I* to a suitable point It 
at the opposite end. 'The amount S, by 
which it should be shortened in forming the 
radius at the point, is equal to one quarter 
of the depth of a Whitworth thread of the 
particular pitch to be cut. If this shortening 
is carefully done, and the point nicely rounded 
off, it ought to require very little further 
modification to adjust the tool finally so as 
to bring both core and effective diameters 
down simultaneously within the limits allowed. 
The exact amount of adjustment required 
w ill be ascertained from the results of measure¬ 
ments made on a screw which is being cut 
by it. 

This method is open to the objection that 
it is difficult to grind or lap the tool in the 
: first place to a perfectly sharp point, and is 
I recommended only as a means of obtaining 
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a first approximation to the form, in the 
absence of more elaborate appara t us. 

A convenient instrument for measuring the 
amount that the point has been ground hack 
is illustrated in Fitj. 97. The micrometer 



head is first set to lead on a small cylinder 
of knmsn size wedged in the vee of the instill¬ 
ment. Preferably, the micrometer head is 
adjusted in position in its seating until this 
reading is the exact measure of the truncation 
corresponding to a cylinder of the size em¬ 
ployed. Headings subsequently taken on the 
point, of a screw-cutting tool then give the 
exact, measure of the truncation or shortening 
of the point of the tool. If (' is the diameter 
of the cylinder used, the tnmculion ,S for the 
Whitworth thread is 0-f»<Sh ('. 

The actual cutting part of the tool is, of 
course, only the extreme tip, and with the 
smaller sizes this extreme tip will not lind a 
bearing on the sides of the vee in the instrument, 
owing to the clearance which has to be provided 
for the micrometer point. The success of this 
instrument therefore depends on the absolute 
flatness of the two surfaces burning the sides 
of the cutting tool. Subject to this condition 
the correctness of the angle of the tool, and Ms 
truncation, can he determined with consider¬ 
able precision. The tool should have a defi¬ 
nite side clearance on each side, as shown 
in Fit/. Ob. or the test on angle will fail. 
Usually, however, owing to (he rake, the 
clearance on one side will be very small, as 
indicated in the same figure. 

It is necessary to reduce the diameter of the 
measuring point of the micrometer head down 
to about 004 in. as shown, until only a small 
face is left, and the hole left in the vee for 
the passage of the measuring point should be 
kept as small as possible, having regard to the 
sizes of tool to be measured. The dimensions 
indicated are suitable for measuring tools of 
any size up to 4 threads per inch, and should 
not be exceeded unless still larger tools are in 
contemplation. 

It is to be remembered that the is to be 


the angle of the horizontal cutting surface 
of th<‘ tool, which is to be presented to the 
work exactly at the height of the lathe centres. 
No cutting lip should be ground in the top face 
of the finishing tool, which should be left 
perfectly Hat. Whatever the value of the 
clearance angle at which the point of the tool 
is backed away, and whatever side rake is 
given to the front edge of the tool for cutting 
coarse pitches, the f>f>' is to be the angle of the 
horizontal top face of the tool. If the tool 
is made to a 5f>° gauge held square with the 
backed-oil front edge of the tool, the horizontal 
angle will be too small by an amount depending 
upon the. clearance angle of the tool. It will 
be seen that the single-point tool used for 
finishing can only take very light cleaning 
cuts. The tools used in preparing the threads 
for the finishing cuts may he given a cutting lip, 
provided this is not so excessive as to leave 
a thread of such imperfect form that the final 
cut with the finishing tool fails to correct it. 

The cutting faces of the tool should be 
finished bv lapping. If taken straight from a 
grinding wheel it is possible for the general 
angle uf the tool to he correct, but for the 
point, which is the important part in cutting 
the thread, to he in error owing to elastic 
deformation during grinding. This error in 
angle at the point of the tool is fairly frequently 
found. 

To ensure that, the tool is satisfactorily 
radiused it is best to view it under a microscope 
or to project a magnified image on to a screen. 
If a projection machine such as is described 
in §§ (ti8) or (Oil) is available, it is easy to com¬ 
pare the tool with a drawing of the standard 
thread form and to make the tool conform 
tn this. Kxecplinnally good definition can be 
obtained in projecting a tool owing to the 
hacking off, and it is possible with a high 
magnification to cheek the truncation at the 
same time as the form at the point. 

Whatever method of measurement be 
adopted in preparing a tool, the final test 
is to cut a screw, and measure its'effective 
and core diameters, and thread angle, and to 
examine the rounding at the root. If the 
shortening of the. tool at the point is correct 
the difference between the effective and core 
diameters of the screw will lie equal to the 
standard depth of the thread for the particular 
pitch concerned. If the difference is found to 
be too small, then the tool has been shortened 
too much at ttie point and vice, versa. The 
shortening at the point should he adjusted by 
lapping either the sides or the point of the 
tool until the correct difference is obtained. 

Having produced a tool which will cut the 
effective and core diameters so that both 
arc within the recognised limits of accuracy, 
it remains to complete the tops of the threads. 
The radius of the crest being the same as that 
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at the root, the tool which has been used to 
cut the screw may he used to cut a suitable 
groove in the nose of the capping tool, shown 
in Fia. 98. This tool, when in use, is adjusted 
by eye (or preferably auto¬ 
matically on being placed 
in the tool-holder), so as to 
lit properly the Hanks of 
the thread already formed. 

If, lor any reason, tho 
gauge has to be taken off 
the centres after the opera¬ 
tion of forming the flanks and roots, care 
should be taken to see that the screw runs 
truly in the lathe before the capping tool is 
used, otherwise an error in concentricity may 
he introduced between the full diameter and 
the remaining elements of the screw. 

from a pair of single - pointed tools as 
above described, full-form single-thread tools 
of various types may be generated. 

Screw gauges are practically useless unless 
they are hardened. There are certain methods 
of hardening which are stated to produce no 
distortion of the gauge, and when using such 
processes on gauges which have been accurately 
cut in the unhardened state, it is only necessary 
to lightly polish the threads to remove the 
stain due to the heating effect. It usually 
happens, however, that the gauge becomes 
distorted when being hardened, and some 
correcting process has to he adopted, ihe 
most common method is to use suitable laps 
which for plug screw’s take the form of cast- 
iron split lings, screwed internally with the 
correct form of thread, and which are charged 
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with some tine abrasive powder such as emery 
or carborundum. Very often several sueh 
laps are used, one for the Hanks of the thread, 
one for the erests, and another for the roots. 

Another method which is also in use :.s 
to grind the thread after hardening. The 
maehines used for this purpose take the 
general form of a lathe, but the nutting tool 
is replaced by a thin grinding (li.se about 
4 in diameter which has its periphery shaped 
similar to tho cutting point of tire tool shown 
in Fig. 1)0. A special appliance which is 
practically automatic in its action is used for 
trimming up the cutting edge of the wheel. 
A second wheel is used for cresting the thread, 
its periphery being shaped us in Fig. 98. 

Screwed ring gauges above about I in. 
diameter are usually first screwed on tho 
lathe, using single-point tools or a single-thread 
chaser. Below (iris size they are usually 
threaded with accurately made taps, sjiccial 
jigs being used at times for guiding tho tap 
and to give, it the correct lead. If distortion 
takes place in hardening, the rings are corrected 
by lapping, the laps taking the form of east-iron 
screwed plugs, which are split through the 
centre and capable of being expanded. Here 


again it is tho common practice to use a number 
of laps for tile different, parts of the thread. 

5 (42) Hardening (Jauuks. — 1 The working 
faces of all gauges used for engineering purposes 
should he of hardened steel. There are various 
methods of obtaining this hardened surface : 

(a) The whole of tin gauge or, in some cases, 
its working parts only are made of tool steel 
and the metal is hardened right through. 

(b) The gauge or its working parts are made 
of mild steel which is case-hardened. This 
process)' consists of packing the mild steel parts 
in boxes with a material rich in carbon, the 
boxes being afterwards healed for several 
hours to a temperature of about 930° C. This 
results in an absorption of carbon by the 
surface of the parts ; the depth to which the 
carbon penetrates depends upon the carbonis¬ 
ing matcriai used and tile duration of the 
heating process. If parts which have been 
carbonised by this process are afterwards 
subjected to the ordinary hardening process 
of heating to about 750° C. and quenching in 
water or oil, it is found that the high carbon 
Steel at the surface becomes hardened and 
forms a easing round the relatively soft, mild 
steel core. The thickness of tin; casing 
adopted in gauges is of an order of or in. 

A modification of this process consists in 
heating the mild steel parts to a temperature 
of about 750° G. for about ail hour in a bath 
of molten sodium cyanide, a material which 
is rich in carbon, and afterwards quenching 
from a temperature of about 700° 0. Barts 
treated by this process have a hard easing, 
but its thickness is quite small, being often 
only a few thousandths of an inch. This 
thin easing, however, answers the purpose for 
small light parts or gauges. 

Hardening generally is frequently a cause 
of serious trouble to gauge-makers, especially 
those engaged on the manufacture of screw 
gauges. The difficulty arises owing to distor¬ 
tion of the gauge during tho hardening process, 
and, as a consequence, any previous efforts to 
finish tiie gauge accurately to size are wasted. 
For information on this subject reference may 
lie made to a paper read before the Institution 
of Mechanical Engineers in April 1920 on 
“ The Hardening of Screw Ganges with the 
I .east Distortion in Bitch.” 

Useful information on the subject will also 
be found in Reiser’s Hardening and Tempering 
uf Steel (Scott, Greenwood & Sons). 

A further point in connection with hardening 
gauges, which mainly concerns reference and 
standard gauges, is the question of stability 
of the steel. It is found that hardened steel 
has a tendency to change its size with time. 
This change occurs most rapidly in the iirst 
few weeks after the steel has been hardened, 
and the metal gradually becomes more stable 
as time goes on. The change is most notice* 
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able in verv hard steels ; this is natural, as 
such a steel must be in ft very severe state 
of internal stress. If the steel is tempered 
and the strains become somewhat relieved it 
becomes more stable. 

This secular change in hardened steel can 
be reduced by artificial ageing through a special 
heat treatment. This method consists in 
heating the steel up to a temperature of about 
200" (1. and allowing it to cool down at ft 
uniform rate over a period of several hours. 
The heating and cooling process is .repeated 
several times, Imt the maximum temperature 
attained is gradually reduced on each occasion. 

Results on the tests for stability of gauges 
are given in American Machinist for Novem¬ 
ber 27, 11)20. 

§ (13) Standard Tveils of Screw Threads. 

_There are several well-recognised types of 

screw threads in common use in (treat Britain, 
America, and on the Continent; some of the 
best known arc ttie Whitworth Thread, 
British Association Thread, Square Thread, 
Acme Thread, Sellers Thread, Metric Thread, 
and Lowcnlicrz Thread. Particulars of these 
and other threads are given below. 

§ (-11) The Whitworth Standard Thread. 
—The Whitworth Standard screw thread was 
first proposed by Sir Joseph Whitworth about 
the middle of t he last century, and' has been 
adopted for general engineering purposes in 
this country. The original tables of diameters 
and pitches were considered later by the 
British Engineering Standards Association, 
which laid down tables for three different 
systems of threads, known as the British 
Standard Whitworth (B.S.W.), the British 
Standard Fine (B.S.E.), and the British 
Standard Pipe (B.S.P.) threads. The Whit¬ 
worth form of thread is used in each of these 
systems, ttu 1 main difference between them 
being tire correlation of the diameters and 
the pitches. The standard sizes for the three 
systems are given in B.K.S.A. Reports, Nos. 
C.L. 7270, 84, and C.L. (1599 respectively. 

The form of the Whitworth thread is shown 
in Fiip 90. 



Symmetrical thread. Angle - 5.7". 

Angular depth of thread h -OfHiOo x 
pitch (p). 

Truncation at crest arrd root t -- J x h. 
Finisher! depth of thread d --OdilO.l xp. 
Radius at crest, and root -r = 0-137 xp. 


§ (45) British Association Thread. — For 
screws less than ( in. diameter tire Standard 
thread recommended by tin' B.E.S.A. is tin: 
B.A. thread. The standard sizes, which are 
in millimetre units, are given in the B.K.S.A. 
Report , No. C.L. 7271. 

The form of the thread is given in Fiij. 100. 



Symmetrical thread. Angle — 47°-5. 

Angular depth of thread -h 1-130 xp. 
Truncation at crest and root. I- 0-230 y.h. 
Finished depth of thread --d -0 0 x p. 

Radius at crest rind root - r = p, x p 
(approx.). 

§ (40) Square Thread. .This form of 

thread is used for screws which have to trans¬ 
mit or withstand considerable end thrusts as 


H —>> 



tin. nil. 


in screw presses, l ire form of the thread is 
shown in Fig. 101. 

This type of thread is difficult, to out with 
taps and dies and is being superseded to a 
considerable extent by the Acme thread. 

§(47) Acme Thread,—T his form of thread 
I is used extensively for transmitting thrusts 
j and is tire type most frequently used for lead 



oar" 

Screw 


, Fro. 102. 

screws of lathes. The form of thread is shown 
in Fig. 102. 

A radial clearance of 0-01 in. is allowed at 
the root of the screw and at the full diameter 
of the nut. The depth of engagement of the 
threads is equal to half the pitch. 

§ (48) Sellers Thread.— The Sellers or 
United States Standard thread is the type 
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used in that country for general engineering 
work. The form is shown in Fig. 103. 



Symmetrical thread. Angle (>0°. 

Angular depth of t hread h — O-StUJO x p. 

Truncation at crests and roots — J • h. 

Finished depth of thread d— 0-G405 x p. 

Crests and roots are flat. 

Width of Hats at crests and roots f~ J ' p. 

§ (40) Intkunation\i, Metric Thread.— 
The International Standard Screw thread 
was adopted at the International Congress 
for the standardisation of screw threads held 
at Zurich in 1809. It is used extensively on 
the Continent and also to some extent in 
this country in the automobile industry. 
The form of tho thread is shown in Fig. 101, 



from which it will he seen that a definite 
clearance is made at the roots of the screw 
and at the full diameter of the nut. This 
gives the screws a better opportunity of fitting 
together on the Hanks of the thread. 

Angle. - GO'* 1 . 

Angular depth of thread O-XGOO p. 

Truncation at crest <4 screw and at core 
diameter of nut—i • h. 

Truncation at root of screw and at full 
diameter of nut = ,’r, >: h. 

Radius at root of screw and at full diameter 
of nut - jV, x h. 

§ (50) Low i:n her/. Thread. —The Lowon- 
herz form of thread is used in (Jermany for 



small screw's such as are used in instrument 
Avork. The form of the thread is given in 


Fig. 105. The angular depth of the thread 
is made equal to the pitch. 

Symmetrical thread. Angle - 53° 8k 

Angular depth of thread />. 

Truncation at crests and roots —i x p. 

Finished depth of thread •• $ x p. 

§ (51) Buttress Thread. —This form of 
thread is sometimes used for screws Avhioh 
have to withstand art axial force acting in 
only one direction. The angle between the 
flanks is 45°, and one flank is normal to the 
axis of the screw, as shown in Fig. 10G. Tho 



truncation at the crests and roots varies in 
practice from * to J of the angular depth of 
the thread. 'Pin? roots are often rounded for 
ease in manufacture. 

$ (52) (’yoke Fnoineer’m Thread. —This 
form of thread was standardised by this Cycle 
Engineers’ Institute in 1002, ami is shown in 
Fig. 107. 



Symmetrical thread. Angle GO". 

Angular depth of thread h O-80GO .• p. 

Truncation at crests and roofs \ x p. 

finished depth of thread d — 0-5327 • p. 

Radius at crests and roots /. .• p. 

§ (53) Brioun Pipe Thread.--T his thread 
is user! in the Ended States, and is now stand¬ 
ardised as the National Pipe Thread. The 
form of thread is shown in Fig. I OS. 



Symmetrical thread. Angle G0°. (Square 
to axis of pipe.) 

Angular depth of thread h — 0-8GG0 x p. 
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Truncal ion at crests and roots -0*0330 x p. 

Finished depth of thread ~d 0 8000 xp. 

Orests.aud roots are flat. 

The threads on the pipes and fittings are 
tapered by in. per inch on diameter. 

Particulars of other forms of threads of 
lesser importance than those given above 
will he found in Machinery'# Screw Thread 
Book (Machinery Publishing Co., Ltd., 
London). 

§ (54) Standard Sizes of Screw Threads. 
—The Tables below give the full <y»inetcrs 
and corresponding pitches for the commoner 
systems of screw threads which have been 
standardised. References to the official pub¬ 
lications are given in each ease. 

§ (5b) British Standard Whitworth 
Threads (B.S.W.).— Used in general engin¬ 
eering work. Reference: B.E.S.A. Report, 
No. C.L. 7270. 
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* Tlir fi.h'.S.A. recommends 1h.it for general use 
these siz.es he dispensed with. 

JS'oti:. The table is continued up to 0 in. in the 
Report. 


§ (50) British Standard Fine Threads 
(B.S.!•’.). -Used in general engineering R.»rk 
where a somewhat liner pitch is required. 
Reference: B.E.S.A. Report, No. 84. 
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§ (57) British Association Threads (B.A.). 
- Used in instrument work. Reference : 
B.E.S.A. Report, No. C.L. 7271. 


Pl'Mll'H'ltilltf 

N Hillin' r. 

Full 1 >ianift cr 
IMilliiiuliw). 

l’itrh 

iMillinuitieHi. 

0 

0 0 

10 

1 

5-3 

II!) 

2 

4 7 

0 81 

3 

4 1 

073 

4 

3 0 

0-00 

5 

3 2 

0 50 

0 

2-8 

0-53 

7 

2-5 

0-48 

8 

2 2 

0-43 

0 

10 

0 30 

10 

IT 

0-35 

11 

15 

«■:» 

12 

1-3 

0-28 

13 

1-2 

0 25 

14 

10 

0-23 

15 

0-0 

0-21 


Note. The (aide is continued in the Report down to 
the size No. 25. 


§ (58) British Standard Pipe Threads 
(B.S.P.). — Smaller sizes used in general 
engineering work. Reference : B.E.S.A. Re¬ 
port, No. C.L (>500. 


i 


0-383 1 

28 | 

i 



18 1 

10 

2 


<1-050 

10 

i 


OS 

25 ! 

14 

S 


0 002 1 

14 

1 


1 041 

It 

l 


1 180 

14 

i 


1 300 

11 

ij 


1402 

11 

il 


H 

70 i 

11 

u 


17 

45 i 

il 

11 


1-882 j 

il 

§ (50) Special French Metric 

Screws.— 

This series 

of 

screws 

was standardised by 

lie B.F.S.. 

\. 

>r use 

li aircraft 

mgine con- 

st ruction. 

Tin 

Syste 

u International form 

>f thread was adopted. 

Reference 

: B.E.S.A. 

Rt port. No. 

C.l 

. 3750. 



N-.iiiinuI Si/e 



Nuiiiin.il Size 

pit*-ii 

iMIllnneti .| 

(Mllli.Item. 

Milhnii'liP" 1 . 

' Millmii'trMi. 

3 

• 

0-00 

8 

1-25 1 

4 


0 75 

0 

125 

r» 


0-75 

10 

1 50 

0 


1 (HI 

11 

1 -50 

7 


I -00 

12 

1-75 


For sparking plugs the standardised sizes 
are: 

Pitch. 


1-5 mm. 
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Spark i ut{ 1*1 u* 

Tapped Hole 


(MilliuiftroHl. 

(Millimetre*). 


Max. 

Min. 

Max 

Min 

Full Diameter . 

17*97.') 

17*850 

18-312 

-- . 

18*187 

Kdectivo 





Diameter / 

17*001 

10*876 

17*176 

17*051 

Core Diameter . 

15-804 

15*739 

16*201 

16*070 


Reference : B.B.S.A. Report, No. 45. 

§ (00) U.8.A. National CoarseThreads._ 

These screws, which have the .Sellers form of 
thread, are used for general engineering pur¬ 
poses. Reference : Report of Xational Srrew 
Thread Commission (U.8.A.), 1920. 


Full Diameter 

jl Ill'll I'M 1. 

Threads per 

I ncli. 

Full Diameter 
(I nrh esl. 

Threads pi*r 
Ini'll. 

0073 

| 04 

1 iT 

12 

0 0,SO 

j 50 

£ 

11 

0099 

! 48 

i 

10 

0 112 

40 

i 

1 

9 

0 125 

40 

8 

0*138 

32 

U 

7 

0 104 

32 

n 


0*190 

24 

h 

0 

0 210 

24 


5 

i 

20 


4-5 

1 

| 

IS 

h 

4 5 

10 | 

24 

4 

iff 

14 

n 

4 

L - 

13 j| 

li 

3 

4 


§ (01) U.S.A. National Fine Threads.— 
These screws, which have the Sellers form 
of thread, are used where somewhat, finer 
pitches are required. Reference : Report of 
Xational Screw Thread Coin mission (USA ) 
1920. 


Full Diameter 
(I lichen). 

Threads per 
Inch. 

Full Diameter 
| Inches). 

Tlin ails per 1 

I mli. 

0*000 

80 

1 A 

18 

0 073 

72 

* 

IS 

0-080 

04 

1 

10 

0*099 

M 

l 

14 

0*112 

48 

14 

0 125 

44 

11 

12 

0138 

40 

)f 

1 •>. 

0104 

30 

1} 

L2 

0*190 

32 

il 

12 

0-210 

28 

2 

12 

1 

28 j 

2| 

12 

iff 

24 J 


12 

} 

24 

21 ' 

3 

12 

A 

20 

10 

1 

.- _ ! 



§ (C>2) U.S.A. National Pipe -Threads.— 


’hese screws have the Briggs form of 
bread. They are used for connections of 
ipes and pipe fittings. Reference: Report 


j °f Xational Screw Thread Commission (U S A I 
I 1920. 


Nominal Bore 

OiiImIiIo Diameter 

-■ 

(liii'hes). 

of I'ijH* 

0 lichen). 

Threads jier Inch. 

1 

0*405 

27 

i 

0*540 

18 

i 

0 075 

18 

i 

0 840 

14 

l 

1 *050 

14 


1*315 

115 

if 

i liw) 

11*5 

u 

1 -900 

11*5 

2 

2 375 

1 1 *5 

-’i 

2-875 

8 

3 

3-500 

8 


4*000 

8 

4 

4*500 

8 

■H 

5-000 

8 

5 

5-503 

8 

0 

0*025 

8 

7 

7 *025 

8 

8 

8-025 

8 

9 

9*025 

8 

10 

10 750 

8 

12 1 

12-750 

— * J 


.Non:, I la lull diameter of the thread is somewhat 
less than the outside diameter of the pipe The 
talile is continued in tin ltrjmrt up to an outside 
diameter of nil inches. 

§ (63) Data for Use in the Measurement 
of Effective Diameter of Pr.uu Screws 
with Standard Wires.- The effective dia¬ 
meter of a ping screw thread is equal to tile 
measurement T, under the wires, Fiij. 50, 
plus a certain constant which depends upon 
the mean diameter of the wires d, the pitch 
of the thread p, the thread angle 2a, and 
the rake angle of the thread. This constant 
is usually denoted iiy P thus. 

Effective diameter E T i P. 
the general formula for determining P is 
P ~2 cot a x p- (eosec a - 1) x d 
A-os a cot a\p 2 

“ \ 2ir= ) U* x “ (™ r .V nearly). 1 

I'or the Whitworth Thread Form (where 
2a = 55'), 

P = 0-90049 x p - 1-10508 x- 0-080 x f x d. 

h,i“ 

1‘or the United States Standard and 
International System Thread Forms (where 
2a - GO' 1 ), 

P = 0-80002 xp-d- 0-070 x x d. 

For the British Association Thread Form 
(where 2a ~ 47°-5), 

P 1 - 1 : 10:14 X p - 1-48295 X d - 0-105 x x d. 


1 JvIJeott, “ Notes on Screw Threads,” Vroc. Inst. 
Meek. Engrs., 1907, 11. 
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For (he Acme Thread Form (where 2a — 29 '}, 
I> = 1-93336 xp- 2-99393 x d - 0-190 x *'* x d. 

For the Lowenhcrz Thread Form (where 
2a —r»3° S'), 

P -0-99993 x p - 1-23594 x d - 0-091 x x d. 

The last term in the al>ove formulae arises 
from the fact that the wires set themselves 
in directions corresponding to the helix angle 
of the thread. Generally speaking, the 
numerical value of this term is sina! 1 ahd may 
be neglected, but it should be included in all 
cases where the rake angle of the thread is 
appreciable and the pitch is coarse. For 
B.8.W. threads the value amounts to nearly 
0-0002 in. in some eases. 

Assuming that the angle of a screw is correct, 
its effective diameter can he obtained by using 
any size of accurate wires provided they 
make contact somewhere on the straight 
flanks. The appropriate value for 1* is 
calculated by substituting in one of the 
above formulae the actual mean diameter of 
the wires used. If, on the other hand, the 
thread angle is incorrect, the real effective 
diameter is obtained most readily by using 
particular size wires which touch the thread 
at or very close to the half depth. These 
wires are usually known as the 14 best ” size 
wires. Other sizes of wires can be used, but it 
becomes necessary either to substitute the 
actual measured angle of the particular thread 
in the above general formula for P, or else to 
apply a certain correction (formulae given 
below) to the 1* values obtained from one of 
the particular formulae, the constants of which 
are calculated from the nominal thread angle. 

The range of diameter of wire which can he 
used in a thread is shown in Fig. 109. The 
maximum size rests at the extreme upper end 
of the straight portions of the flanks, whilst 
the minimum size, for practical reasons, is 
such that the top of the wire comes flush wtth 
the crests of the threads. 

The following table gives formulae for cal¬ 
culating the maximum, minimum, and “ best ” 
sizes of wires for various thread forms : 


SO degrees in the thread angle, the correc¬ 
tions to be applied to the P value arc given 
below : 

j 1 

Form of Thread. Correction to 1* value. 

Whitworth. . . j (<M)3<> 0-020 j>) x 50 

U.S. Standard and j { 

International ,-j (0-030 -d — 0-017 • ;>) x SO 
System . j ] 

liritish Association j (0-049 x <1 - 0 027 p) :< SO 

Aemo . . . . 1 (0-135 ,\d- 0 070 -/») x SO 

Lowrnher/. . . . J (0 039 • </ -0*022 ■ /)) x o(l 

If the angle error is positive, and if 
wires larger than the “best” size are used, 
then the correction to he applied is also 


Max. Wire 



Fig. 109. 


positive. The sign of the correction is 
given by the formula if the sign of SO be 
introduced. 

Assuming that the flanks of the threads are 
straight, it is possible to obtain a close estima¬ 
tion of the thread angle by measuring the 
effective diameter with two sets of wire which 
approach the maximum and minimum sizes 
respectively for Ihe particular pitch and form 
of thread. 

If K, - KfTective diameter as obtained from 
the larger set of wires (mean 
diameter, d t ), 

F a —FiTeetive diameter as obtained from 
the smaller set of wires (mean 
diameter, </ 2 ), 

then 80 (lu - - <L) by Whit¬ 

worth threads. 

Similar formulae eun he obtained for the 
other thread forms by inserting the appropriate 
factor in the denominator as 



given in the last- table. 

This method gives only the 
total error in the thread angle, 
and docs not differentiate 
♦between the individual errors 
of the two flanks which can 
only be observed by optical 
means. For this reason, the 
method of obtaining the error 
in the total angle by means of 
wire measurements, is used 


When using wires other than the “host” merely as a check on the optical measure- 
size for measuring a screw having an error of ment. 
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IY A . Optical Projection Apparatus for 
Gauge Testing 

Up to about December 1915 the only optical 
method used in testing screw or profile gauges 
was the application of the microscope apparatus 
referred to in § (34). By means of this 
apparatus it was possible to take complete 
measurements of the smaller sizes of screws. 
Although a visual examination of the form 
of the thread could also be made on this 
apparatus it was not possible to state directly 
the amounts in thousandths, or ten-thou¬ 
sandths, of an inch bv which the various parts 
of the profile differed from the standard, or 
nominal profile. Some assistance is obtained 
if the eye-piece of the micrometer is provided 
with a graticule, on the Kheinberg system, of 
the standard profile made to the appropriate 


with a diagram of the standard form drawn 
to the corresponding magnification. By 
suitable choice in the powers of the lenses it 
was possible to obtain a magnification of 
exactly 50 on the image, this figure being 
decided upon as being the most convenient 
for gauge - testing purposes. Knowing t he 
magnification of the image, it became possible 
to measure its errors with reference to the 
standard diagram by means of a scale. 

§ (G4) But. st Projection Apparatus for 
Screws. —The general scheme of the first 
projection apparatus : s shown in Fig. 110, 
which is self-explanatory. The apparatus 
was arranged on a horizontal bench, about. 
0 ft. by 2 ft., and by means of the prism 
the image was obtained <»n a horizontal screen 
placed conveniently af one end. The success 
of the apparatus depended upon the formation 


Projecting Microscope 

Prism 'Ey* piece Objcctiuc' Screw Gauge Condenser !■> Watt Lamp 

v \ V 


01 

/ Screen 


■ P>- 


0 ” 


Elevation 



Objective tnoued laterally 
to accommodate light 

- — - X P - 


j Axis of lamp & condenser 
adjusted parallel to ruhe 
of thread \ 

. 0 ( 


magnification to suit the power of the objective j 
used. By such means it is then possible to 
fit together the images of the two profiles and 
to note any departure of the actual image j 
from that of the correct form. A means 
of measuring the differences, however, would 
still be lacking. Moreover, the system would 
make it necessary to change the graticule in the 
eye-piece for each different pitch of screw to be ; 
measured. The use of the microscope for J 
screws having a coarse rake of thread also in¬ 
volves other difficulties as explained in § (33). 

The question of the optical examination 
of screw threads was considered by Mr. E. 
M. Eden of the National Physical Laboratory 
in the autumn of 1915, and ft soon became 
clear that some departure from the microscope 
form of apparatus would have to be made in 
order to obtain accurate results with semi¬ 
skilled observers. The first, scheme was to 
use the optical system of the microscope to 
produce on a screen a magnified shadow-like 
image of the profile of the thread. This 
image was then compared by superposition 


of an image of uniform magnification through¬ 
out and free, from chromatic defects. It was 
only after experimenting with several com¬ 
binations of objectives and eye-pieces that 
these objects were satisfactorily attained. 

The objective finally chosen was one 
marked “3 I),” made by It. & d. Beck, Ltd.: 
the eye-piece was a Kelneris (hthosoopic by 
Boss. The diameter of the useful field over 
which no distortion could be detected was 
about 7 in. This was quite sufficient for 
ordinary screw gauge work. The two lenses 
and the screen were suitably disposed so as 
I to give the required magnification. The 
j centres for carrying the screw gauge were 
then placed at such a distance as to give the 
best definition of the image on the screen. 
When placing screws in the machine the 
longitudinal position of the centres was not 
changed, but provision was made for raising 
and hovering them to suit screws of different 
diameters. 

Atljnstme.nl for Rake of Screw. - In this type 
of machine as well as in the microscope ap- 
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paralus, it in necessary that the illuminating 
beam should he in the direction of the slope 
or rake of the threads. It should be carefully 
noted that, in order to obtain a true image 
of a diametral section of the screw, the axes 
of both the lenses have to be kept perpendicular 
to that of the gauge, and the screen itself must 
bo parallel to the same axis. Any adjustment 
for the rake of the thread must be made on the 
illumination. For this purpose, the lamp and 
condenser were mounted on a frame which 
could be turned about a vertical a^is under 
the eye piece. This inclination o'.' the beam 
necessitated a lateral movement of the ob¬ 
jective so that its centre might remain on tin: 
centre line of the beam, the perpendicularity 
between the axes of the objective and tla- 
gauge being preserved. 

§ (05) iSiNoi.is Lions Apparatus for Screws. 
—The next step in t he development of a pro¬ 
jection apparatus for screw gauges was the 
substitution of a single lens for the pair of 
lenses. 

After experimenting with a number of lenses 
it was found that the “ JV-tzval ’’ series, as 
used in kineinatograph work and made by 
Dallmeyer, was particularly well suited for the 
purpose of screw-gauge projection. The Mo. I 
lens of this type has a 2-in. focus, and the 
distance from gauge to screen for a magnifica¬ 
tion of 50 is about t) feet, whilst the No. 4 lens 
has a 3-in. focus, the distance in this ease , 
being about 13 feet. The delinition given by | 
these lenses is good, particularly in the case i 
of the one with the shorter focus. Each lens | 
gives an undistorted image over a sufficiently 
largo field for screw-gauge work. 

§ (Ob) Vertical Projection Apparatus.— 
In order to make the apparatus convenient to 
use, and incidentally to reduce the lloor space 
required, Mr. F.den devised the scheme, of 
carrying out the projection in a vertical 
direction. A horizontal mirror placed above 
tin* bench was used t<» reflect the image on 
to a horizontal screen which was placed at the 
level of the screw gauge. The principle of this 
vertical projection apparatus is shown in 
Fi'j. ill. A standard type of machine was 
designed at the National Physical Laboratory 
in 1W17 on this principle. This machine not 
only allows the form of the thread to he 
inspected, hut, being provided with measuring 
devices, it also enables plug screws up to 
2 in. diameter to he measured completely. 
This machine is described fully in § (GO). 

§((17) Compound Projection Lenses for 
Larue Field of View. —So far we have con¬ 
cerned ourselves with the application of the 
projection apparatus to the testing of screw 
gauges. The principle was also developed by 
Mr. Fden in 1010 in connection with the 
examination of profile gauges in the form of 
plates. 


The problem presented greater difficulties 
than the one .on screw gauges referred to 
above. The main object was to he able to 



project an undistorted image of a plate 
gauge up to about li in. in size. Such 
gauges were used in large numbers and 
varieties during the war on munition work 
for cheeking the form of the copper-driving 
bands of shells. The accuracy required in 
testing the prolile of the gauges was about 
0 0005 in. 

It was found by experiment that even high- 
| class camera lenses of large aperture when 
used al»»ne would not give the desired result. 
The image produced was distorted in every 
ease. This was hardly surprising, as such 
lenses are designed to give correct results 
when used for their own particular purpose. 
Such lenses could he used, however, as pro¬ 
jection lenses,•provided the whole of the image 
to he examined fell within an area of not more 
than about 2 feet in diameter, the distortion 
over this limited area being usually negligibly 
small. In order to obtain a sufficiently large 
uudistorted image it was found necessary to 
use these lenses in conjunction with lichl 
lenses having an aperture of about 2| in. 
The particular type of lens used for the field 

2 A 
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is a triple achromatic lens, made by Ross, nection with the supply of special optical glass 
having a focal length of about (>1 in. Special in the early days of the war, The lenses used 
care has to be used in mounting the two were selected from standard types which were 
lenses, as it was found that t he distortion elTeets stocked by the makers. 

depend upon the distance between the two § ((>8) Ntandaiid Horizontal Rhojf.ction 
components. In practice, each pair of lenses Aitakatus. - Having solved the difficulty 
should be tested first in an adjustable telescopic regarding the lenses, a standard type of 
mount and their separation varied until the horizontal projection apparatus was designed 
distortion is a minimum. The distance be- at the National Physical Laboratory in 1910. 
tween the lenses is then measured and they This apparatus serves not only for plate gauges 
are afterwards titled to a special mount of up to about 1 in. in length, but can also be 
this length. used for ^inspecting the thread forms of screws. 

The distortion is tested by projecting an (i.) The Apparatus .—The general principle 
image of a plain parallel plug. For the lens of the apparatus is extremely simple and is 
to be satisfactory this image should be <>f shown in Fig. 112. The light is obtained from 
equal Avidth from one side of the held to the a small right-angle pattern are lamp I, the 



I’m. 112. 


other, and the definition of the edges should crater of the are being placed at the focus of 
also be constant in different parts. an achromatic condenser 2. Roth the lamp 

The first compound type of lens consisted and condenser are supported from a pair of 
of a 0-in. Ross Xpres, F 4-5, camera lens rods 3 which, for purposes of rake adjustment, 
combined with a field lens by the same maker, can be rotated through about 10” on each side 
This combination gives an undistorted image \ of the t'.L. in a horizontal plane about an axis 
over a field of about 80 in. diameter with a j passing through the centre of the post 4, 
magnification of 50. The definition is reason- '■ which carries the compound projection lens 5. 
ably good throughout the area of this field, i When testing plate gauges the lamp can he 
The distance from the gauge to the screen is j tixed in the central position bv means of a pin 
about 21 ft. 0 in., and the working distance Hi. The lens post, is screwed down to the bed 
from the back surface of the field lens is 1 in. j plate 0, which carries a slide 7 on a vee and a 
Other high-class camera lenses are also used j flat machined on its upper surface. This slide 
in place of the Xpres lens. The following • carries two vertical rods 8 and 9, one of which, 
have been tried and an improved definition ' 8, is provided with a sleeve Iff, to which is 
obtained—Ross Homoeentrie F 5 , (> and F (>• 3, . fixed a cross bar 11. The sleeve carrying the 
Ross “ Tessar ” and the Dallmeyer “ Serrac.” cross bar can be moved up and down the rod 

It should be noted that no attempt was made | 8 by means of the screw and nut shown, a 

to design a special lens for the purpose owing handle 12 being provided for operating the 

partly to the difficulty which arose in con- » screw. A small plate having a hole which fits 
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the rod !) is attached to the cross liar 11, and 
prevents it from rotating. The cross bar is 
provided with a slide. 13 which carries a pair 
of centre brackets I t and a clamp plate 15. 
When testing screw gauges they are held 
between the centres. Plate gauges are 
damped between the slide 13 and the plate 15. 
Any special work may be stood upon the upper 
machined surface of the slide 7. By means 
of the vertical movement of the cross bar 11 


by means of levers. The vertical movement is 
given by two handwheels. 

(iii.) ' Diagram*. — The diagrams of form 
gauges which serve as the standards with 
which the projected images are compared, 
should be carefully drawn to the correct scale 
on white cardboard having a good smooth 
surface. It has been found that such diagrams, 
especially when they reach rt or 7 feet in 
j length, vary appreciably in their dimensions 



Fid. 113. 


and the sideway motion of the slide 13, it is 
possible to adjust, the gauges with respect to 
the lens. 

In order to focus the image of the gauge the 
slide 7 is moved on the bed plate so as to vary 
the distance from the lens. This movement, 
is transmitted through a connecting rod 17, 
the other end of which is clamped in a block IS 
which is operated by all eccentric pin on the 
spindle l«l. This spindle has a cross arm 20, 
from the ends of which cords are taken over 
pulleys to the screen at the other end of the 
room, and by pulling one or other of these 
cords at the screen the image can be brought 
into focus. , 

The accuracy of the results obtained by ho¬ 
use of this apparatus will depeml_largely upon 
the alignment and squareness of the various 
parts of the machine, and the care which is 
taken in setting up tlm machine and the screen. 

(ii.) %'ltc Smell.— A general view of the 
machine is shown in /' ig. 113 and that of the 
screen in «</. 111. The latter consists of a 
vertical board about S feet square winch is 
supported in a special manner so as to lie 
' movable in its own plane through a limited 
ranee. This movement is necessary fer the 
purpose of bringing the standard diagram of 
the gauge into correct superposition with the 
projected image. The greater part of the 
setting can hi- made by adjusting 1 he gauge 
„n the machine vertically and sideways, but 
the limit adjustment lias to be done on the 
screen itself. The latter can he moved side¬ 
ways on two horizontal liars fixed to the wall 


with the state of humidity of the atmosphere. 
Before using a diagram which has been drawn 
out some time before, it is necessary, therefore, 
to make a few check measurements on the. 
over-i ll dimensions. 

'J he type of standard diagram for use when 



Fig. 114. 

examining screw threads is described in 
§ <«0) (v.). 

§(00) Vertical Projection A it a hat rs.— 
The vertical Ijpe of projection apparatus 
designed at the National Physical Laboratory 
in the latter end of 191(> is intended mainly 
for screw gauges and is arranged so as to deal 
with this class of work in a very convenient 
manner. The machine is compact, require? 
little lloor space as compared with the- hori¬ 
zontal machine, and can he operated by one 
observer. Generally speaking, the apparatus 
may be considered as being an ordinary pro 
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je-otor stood vertically on end, hut instead 
of allowing the image to he formod on the 
ceiling it is reflected down oil to the table 
by a horizontal mirror placed above the 
machine. 

Front and side views of the complete appa¬ 
ratus arc shown in Fig. 115. There are three 
main parts. (A) The arc lamp of special right- 
angle design. (B) The body of the machine 
which has attachments for holding the pro¬ 
jection lens and the gauge. It is fitted with 
micrometer screws for measuring the gauge 


The No. 4 Dallmeyer Kinematngmph lens is' 
used in this apparatus. The minor is optically 
finished, and in order to avoid ghost effect due 
to double reflection at the surfaces it is made 
ta|iered from front to back. F*y this means 
the lesser image produced by reflection at the 
under glass surface is thrown well clear of the 
main image. 

'flic direction of the illuminating beam has 
to be set so as to follow the slope- of the threads, 
ami for this purpose it is possible to tilt the 
prism *2, by means of the lever 5, about a 



and forms a support for the vertical post. 
(C) The mirror which reflects the image down¬ 
wards. 

(i.) Optical Scheme of the Machine .—This is 
shown (Ungrammatically in Fig. 116. The 
illuminating beam from the arc lamp A is 
rendered closely parallel by means of the 
condenser and passes into tfic body of the 
machine through a horizontal tube J, half 
way along which it strikes a 45° glass prism 2, 
which reflects it upwards in the direction of 
the gauge 3. After passing the gauge, the 
rays traverse the projection lens 7, and on 
meeting the mirror C are reflected downwards 
and come to a focus on the desk 8, which acts 
as the screen for the reception of the image. 


horizontal axis at right angles io the incoming 
beam. This tilt is produced by moving the 
prism slightly along the tube 1, which causes 
the other end of the arm, to which the prism 
is attached, to move up or down the inclined 
bar 4. A pair of stops 0 are provided for 
limiting the travel of the rake lever 5. 

(ii.) Mechanical Arrangement .---The general 
arrangement of the body of the machine is 
shown in Fig. 117. 

The se-rew gauge 3 can be moved in a 
horizontal plane in two directions, one parallel 
to its axis and the other at right angles. These 
motions, which are controlled by micrometer 
screws, allow measurements to be made on 
the pitch and the diameter. 






GAUGES 



Arc Lamp 





Kid. 117. 





358 


GAUGES 


The motions arc derived from a carriage 11, 
which can move along the bed plate 10, ami a 
second carriage 12, which supports the gauge 
and which can move on the top of t he other 
carriage in a direction parallel to the pair of 
centres holding the gauge. The motions of 
the two carriages are guided by means of 
vee grooves and balls. 

The arrangement of the micrometer screws 
which oonirdl the motions of the gauge is 
shown in Fig. 118. The lower carriage 11 
is operated by a pair of micrometer screws 
13 and 14, the corresponding nuts of which 
are fixed to the carriage and the bed plate 
respectively. The corresponding stops 15 and 


pair is for gauges up to 2 in. diameter, and the 
rear pair will accommodate gauges up to (5 in. 
diameter for examination of thread form only. 

The front and back motion of the carriage 
II is operated by the “throw-over” gear 
placed at tho right of the bed. This consists 
of it rocker arm 21), Fig, 117, a connecting link 
21 , and a weight 11), which can bo made to rest 
on one end or the other of the rocker arm 
according to which direction the carriage is 
required to move. The motion is steadied by 
tho dashpot 22. 

The projection lens is screwed into an 
adapter 24, in tho bracket 25, which is clamped 
to the sleeve 20. The latter can turn on the 



10 arc attached to the bed plate and to the 
carriage respectively. By this arrangement 
the carriage can move across freely from one 
side to the other, the motion being controlled 
at each end by one or other of the micrometers. 
This is an advantage over a single micrometer 
when the traversing motion has to be made 
frequently. 

A third micrometer 17 is carried by the 
upper carriage 12, and controls its motions 
in the pitch-wise direction, th;i abutment 18 
being fixed to the intermediate carriage. A 
weight 23 (Fig. 117) keeps the point of the 
micrometer in contact with the abutment. The 
micrometer screws have a pitch of 20 threads 
per inch and are fitted with dials and verniers 
graduated to read to 0 0001 in. 

The upper carriage has two Rets of vee 
grooves for holding the centres. The front 


post 27, and by this means the lens bracket- 
can ho swung aside when inserting gauges in 
the machine; the pin and vee 28 ensure 
definite location when the 1 ns is brought 
back to its working position. 

The vertical rod 21), which carries the mirror 
bracket, is screwed into the post 27, and is 
steadied at its upper end by a wall bracket-. 

(iii.) Setting vp the Appuralm .—This is a 
simple matter, but requires care in order to 
obtain correct results from the machine. 
The body of the machine should lx* carefully 
levelled and the post set plumb. The mirror 
should also be levelled after fixing the mirror 
bracket at about the right height-. The 
magnification is set by inserting between 
centres a small plug about 04)8 in. diameter 
whose actual diameter is accurately known, 
and focussing its image on the desk. The 
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height of the mirror should then be adjusted 
until tho width of the imago is exactly fifty 
times the size of the plug. 

(iv.) Selling the Rale, of the Light. —-The 
machine is provided with a set of three 
auxiliary lenses, J, {, and £ diopters. These 
are fixed in a mount 31, Fig. 117, and can be 
swung singly into position above the projection 
lens. If the image of a screw is formed with 
ono of these lenses in position the “ out of 
focus ” effect will be clearly indicated bv the 
presence of a dark fringe round the contour 
of the thread. By moving tho rrkc lever 5, 
Fig. 110, the width of the fringe on the flanks 
of the image a\ ill be found to vary. The 
light is in tho best direction when an equal 
width of fringe is visible on each Hank and the 
rake lever should lie set accordingly. 

It is necessary to provide the Ihree “ out of 
focus” lenses, as screws of different diameter 
or pitches require to be put out of focus by 
appropriate amounts in order to obtain a 
suitable fringe pattern in each case. 

(v.) Thread Form Diagrams. —For the pur¬ 
pose of measuring and inspecting screw threads 
it is necessary to have diagrams of the standard 
threads drawn to the appropriate magnifica¬ 
tion. The first pattern consisted of the outline 
of the standard thread drawn in thin line on 
Bristol-board. It was then found to be an 
improvement to tint the outline on one side 
of the line a, fairly deep grey, a colour which 
matches that of the actual projected image 
when set'll in a semi-dark room. Using this 
form nf diagram, which was first introduced 
by tho Bentley Engineering Company, the 
imago is fitted into the outline as closely as 
possible. The presence of excess metai at 
any point of the thread produces an over¬ 
lapping of the grey image and grey back¬ 
ground of tho diagram and is indicated bv a 
black streak or mark at the point concerned. 
Where metal is missing the two outlines are 
separated and a white streak is seen. This 
effect is illustrated in Fig. 119, where the 
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Fig. lit). 

image B of a screw having an unsymmctrioal 
thread angle is compared with the standard 
outline A. Extra metal is indicated over one- 
half of each flank at the dark places a, and 
metal is missing at the localities marked h, b. 


For the purpose of taking measurements 
of tho diameters of screw gauges where the 
image of each side of the screw is viewed in 
turn, it becomes necessary to modify this 
simple form of diagram without losing the 
advantage, derived from the grey background. 
The standard type of diagram adopted for 
use is shown in Fig. 117 in position on the desk 
of the machine. It consists of two standard 
outlines a, a, and h, b, separated diametrically 
by a half-inch space which is t inted a dark grey. 

The parallel hands rd, cf, and gh are also . 
drawn buff an inch wide. The function of the 
double outline will be explained later. The dia¬ 
gram is printed accurately on zinc or aluminium 
plate which is stiffened by a steel backing . 
plate. The printing is done from a master 
plate which has to be drawn out by hand. 

(vi.) Measurement* of Plug Screws .—The 
form of the thread of plug screws or of casts 
from ring gauges are examined with reference 
to standard diagrams as explained above. 

(vii.) Measurement of Thread Angle : Shadow 
Protractor. —Errors in the thread angle can 
be detected against the standard diagram, 
but, in addition, actual measurements of the 
angles of the (tanks with reference to the axis 
of the gauge can be made by the use of the 
“ Shadow' Protractor ” shown in Fig. 117. This 
instrument consists of a semicircular sheet of 
white celluloid 34 screwed to a metal base, 
to which is also fixed a st raight edge 32 and a 
movable radial arm of parallel w idth 33. Tlu* 
outer end of the arm has a line which reads 
against a half-degree scale engraved round the 
circumference of the base. When tho arm 
is set square to the straight edge the reading 
on the scale is zero. 

In use, th(‘ protractor is placed on the desk 
of the projector with its straight side in contact 
with the adjustable straight edge 29, and the 
image allowed to full on the celluloid base. 
The tilt of the adjustable straight edgo is 
then set by means of the eccentric pin 30, 
so as to bring the straight edge 32 of tho 
protractor parallel to the crests of the image. 
The radial arm is then rotated and the pro¬ 
tractor moved sideways until the shadow of 
one of the raised edges of the arm becomes 
parallel to one of tho flanks of the image. Tho 
angle of that flank is then read on the scale. 
A similar measurement is made on the opposite 
flank using the other edge of tho radial arm. 
The pair of measurements is repeated at 
different positions along the screw'. 

(viii.) Measurement of Pitch .—Tho screw' is 
arranged between the centres so that when 
the pitch micrometer screw is towards its 
zero position the image of the end thread is 
at about the centre of tho desk. The corre¬ 
sponding standard diagram is then placed 
on the desk and the image of the thread fitted 
symmetrically into one of the spaces, leaving 
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a thin strip of light showing along each Hank. 
The reading of the pitch micrometer is then 
taken. The screw is now translated so as to 
bring the next thread into the space and a 
further reading is made, the operation being 
repeated for every thread in succession along 
the screw. Finally, a cheek reading should 
bo made on the initial thread. The method 
of working up the results is similar to that 
explained in J? (24) (v.). Err >rx in the pitch of 
the micrometer screw itself must bo allowed 
for in the results. 

(ix.) Measurements of Full and Core Dia¬ 
meters. A plain plug of known size P, and 
of approximately the same diameter as the 
screw to be measured, is required for setting 
up the machine. This plug is placed between | 
the centres, and the left diameter micrometer ! 
screw is used to bring one edge of its image in i 
coincidence with the edge dd of the half-inch j 
band on the diagram, Fig. 117. The rock-over 
gear is now changed over so as to bring the j 
other edge into view, and this is set to the edge 
cc of the band by means of the right diameter 
screw. The readings of the two micrometers 
are noted and their sum S obtained. 

The screw gauge is now substituted for the 
plug and similar settings are made on the 
crests and roots of the thread in turn, thus 
obtaining two further additions of readings F 
and which correspond to the full and core 
diameters. The actual diameters can then 
be calculated on the principle of comparisons 
from the formulae : 

Full Diameter P 4 (F - 8), 

Core Diameter -- P 4 (0 - 8). 

The concentricity of the diameters can be 
cheeked bv measuring the thread depth on 
opposite sides and at three positions round t he 
screw. 

(x.) Measurement of Effective Diameter. —A 
preliminary reading is made on the standard 
plug as before. Readings are then taken on 
each side, of the screw by setting the image with 
the outline of the thread on the diagram, using 
the. two micrometers in turn, if it. is desired 
to measure the virtual effective diameter, 
taking account of errors in angle and mal¬ 
formations of the crests and roots, the image 
should be adjusted diametrically until it first 
comes into contact with the outline at one 
point on each flank ; a similar setting should : 
also be made on the other side of the thread. 1 
If, on the other hand, the neP’effective dia- | 
meter is required, i.e. the diameter which would 
be obtained from measurements with best size 
wires, then the image should bo adjusted so 
that the middle points of the flanks come in J 
contact with the outline on the diagram. i 

The calculation of the effective diameter is j 
made in a similar manner as for the full and j 
core diameters. • 


I This machine is being manufactured to the 
National Physical Laboratory design by Messrs, 
j ('ussons of Manchester, 
j § (70) The Wilson Projection Compaua- 
| tor. —This apparatus, which was designed 
j and patented by Mr. R. P. Wilson, utilises 
! the general principles of optical projection 
! described previously, and applies them to a 
] scheme for rapidly testing screws up to about 
2 in. diameter. In the projection machines 
described above, the object has been to pro¬ 
duce an enlarged image of the profile of the 
screw on one side only. When it was 
desired to measure the diameters, the screw 
was traversed past the projection lens by 
means of micrometer screws in order to bring 
the image of each side of the screw on to the 
screen in turn. When testing screwed work, 
however, where the accuracy of test is usually 
not finer than 0 0005 in., it is an advantage 
to project, both sides of the screw simultane¬ 
ously. This allows the form of the thread to 
be examined as before and, in addition, it 
becomes possible bv suitable arrangements to 
obtain a ready cheek on the diameters of the 
screw. The essential part of the apparatus 
consists of two lenses placed side by side, each 
of which forms an image of one side of the 
screw. Assuming a standard screw of the 
maximum allowable size is being projected, 
the two images can be made to mesh by 
varying the distance between the lenses. 
Having adjusted the lenses on the standard, 
if a screw of larger diameter is now substituted 
the two images will overlap and the effect 
will he to produce a black wavy band along 
the centre of the screen. On the other hand, 
if the screw is small on diameters the images 
will become separated and instead of the 
black band a white space will he seen. The 
thickness of the. barn! in either case is a 
measure of the error of the screw. 


The- optical scheme of the apparatus is 
shown in plan view in Fig. 120. A parallel 



Fig. t20. 


beam of light from a source A and a con¬ 
denser B illuminates both sides of the screw C'. 
The optical system consists of two corrected 
compound lenses I), each of which has a 
considerable segment removed to allow' the 
centres of the lenses to be brought quite close 
together if desired. The centres are separated 
in every ease by a distance equal to the effective 
diameter of the screw being tested. Under 
these conditions an image of each side of the 
thread will l>e produced on the screen F, 
and their mean distance apart would bo equal 
to the separation of the lenses. Each imago, 




GAUGES 


361 


however, is brought on to the centre lino of 
the apparatus by means of a small adjustable 
prism E, one of which is placed just in front 
of each lens. If the light from one of the 
lenses is screened off the image produced by 
the other will, in a dark room, appear black 
against a white background, as shown at A 
in Fig. I‘21, which shows the image of a cylinder 
for simplicity. The effect of allowing both 
images to be formed simultaneously is to 
diminish their intensities to a light grey, as 
shown at 11, since each image is illuminated 
by the free light f'-orn the opposite lens. 
Overlapping of the images immediately 


A 


B 



Fid. 121. 


produces a black hand, as shown at (’. It is 
to be noted that each imago is produced by 
exactly similar parts of the respective lenses, 
consequently, even though the images may 
lie somewhat distorted, the intermeshing effect 
in the ease, of screws will always take place. 

A general view of the apparatus is shown in 
Fig. 122, It consists of two stout rods form¬ 
ing a base on which are lixed four brackets. 
The first of these, A, holds a 500-e.p. 
“ Pointolitc ” lamp which is placed at the 
focus of ft condenser hold in the second 
bracket 11. The screw, or other work to be 
tested, is held with its axis vertical on a 
sliding table on the bracket (', which is placed 


in front of the lens-holder 1). A more detailed 
view of tlu? lens arrangement is shown in Fig. 





KKJ. 122. 


123. Each lens is on a slide, the position of 
which can be varied sideways by means of 
one of the micrometer screws 1 and 1 ' shown. 
The micrometers are arranged so that their 
readings represent the distance between the 



Fin. 123. 


centres of the lenses. Suitable bonds are 
provided round the lenses for screening off 
stray light. 

The mounting "f the reflecting prisms T is 
shown in Fig. 124. They are attached to 



j special fittings 1 provided with adjusting 
j screws for tilting each prism about a vertical 
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an<l a horizontal axis, and in addition, the 
liltings ean he swung aside from the lenses for 
purposes of focussing the images. 

With regard to the illumination, the beam 
is parallel, hut no adjustments are provided 
for tilting it in the direction of the rake of the 
serew whieh, it should be noted, is in a different 
direction on the two sides. The resulting 
images arc consequently not equally well 
defined on the opposite flanks, hut provided 



the rake of the screw is not abnormal and the 
magnificat ion used is not greater than about 
20 , the defect in definition is hardly noticeable 
on the screen. Apart from definition, the 
threads will appear very slightly too thick, 
due to this cause. 1 

It is to he noted that when projecting a 
screw having any symmetrical form of thread 
the two images can he made to mesh ; conse¬ 
quently, no apparent defect would he noticed 
with regard to the meshing when projecting 
a screw whose effective diameter was equal 
to that, of the standard screw, hut whose 
angle happened to he seriously in error by 
the same amounts on each flank. Uniform 
errors in pitch, whatever their magnitude, 

1 Since this was written the makers have added an 
attachment for “raking” the light correctly for each 
side of the tlircad. See Patent No. 171764. 


would also remain undetected, since each 
image would he lengthened or shortened to 
the same extent. To get over this difficulty, 
it becomes necessary, in addition to the 
criterion given by the meshing of the images, 
to refer them by some means to a standard 
form. This can he done by having a standard 
outline drawn on the screen to the appropriate 
magnification or hv arranging to project a 
correct templet of the thread simultaneously 
with one side of the serew. 

| Six qxaniplos of the images of screw threads 
1 having characteristic errors are shown in 
; Fig. 125. The errors are readily interpreted 
from the diagrams. 

(A) Infective diameter correct but full and 
core diameters small. 

(P>) Full and core diameters correct but 
effective diameter large. 

((•) Small on all diameters. 

(D) Tapered thread, 
j (E) Large on all diameters, 
j (F) Tapered thread, diameters too large at 
one end and small at the other, 
j This apparatus is being made under licence 
j by Messrs. Adam l lilger. 


V. Measuring Machines 

The machines described in this section are 
of the type used for the comparison and 
standardisation of standard gauges referred 
to in § (5). 

There are four well-known forms of measur¬ 
ing machines used in this country, made by 
.Messrs. Armstrong Whitworth, Manchester: 
The Newall Engineering Company, London : 
The Pratt and Whitney Company, Hartford, 
U.S.A. ; and La Soeiete (tcnevui.se, Geneva, 
Switzerland, respectively. Another typo of 
machine has been designed by Dr. P. E. Shaw 
of Nottingham, hut has not been manufac¬ 
tured commercially. Several smaller forms 
of machines are in existence, and these will 
be referred to later. 

* § (71) The “ Armstrong Whitworth ” 
Measuring Machine, (i.) Cennal Arrange - 
went. -A general view of this type 
of machine having a capacity of 
12 in. is given in Fig. 126, whilst 
the general arrangement of a 



15-in. machine will be seen in Fig. 127, the 
only important difference being in the length 
of the bed. 
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The machine consists essentially of a bed 
1 which carries a micrometer headstnek 2 
at the right-hand end, and a tailstoek 3 at 
the opposite end. The bed is supported at 
the ends, is of hollow section, and has its 
upper finished surface slotted. The sides 
are also finished and form a dovetail guide 
for the tailstoek. The micrometer or fast 
headstock is permanently screwed down to 
one end of the bed. The tailstoek can be 
moved along the bed to suit the length of 
gauge to be dealt with, by means of a quick- 
motion traversing screw 4 held in bearings 
at each end of the bed and engaging with a 
nut, fixed to the base of the tailstoek. The 
screw is operated by a handwheel 5 and when 
in the approximate position the tailstoek can 
ho clamped to the bed. 

(ii.) Headstock and Tailstoek ,—'Che head- 
stock and tailstoek have practically the same 
construction. They are bored and fitted 
with hollow steel plungers 6, l in. diameter. 
Hardened steel plugs 7 are screwed into the 
outer ends of these plungers, and the faces 
of these plugs, which are hipped flat and 
parallel, form the measuring faces of the 
machine. They have a diameter <4 j| in. 
The longitudinal positions of the plungers 
are controlled by steel micrometer screws 8, 
having square threads, 20 per in., which en¬ 
gage with brass nuts 9 fixed in the rear ends 
of the plungers. The plungers are prevented 
from rotating by keys working in slots in the 
under sides. The thrust is taken between a 
collar on each screw and the inner surface 
of two brass bushes 10 let into the end of t he 
|-in. bored holes. 

The micrometer screw of the headstock is 
provided with a 12-in. diameter handwheel 11, 
which is graduated into 500 divisions, each 
representing 0 0001 in. As each division 
actually measures approximately 0 075 in. on 
the periphery of the wheel, the magnification 
of the machine is 750. A vernier scale 12 is 
supported by a suitable bracket and enables 
readings to be taken to 0 00001 in. The screw 
of the tailstoek, which is intended only for 
purposes of zero adjustment, is provided with 
a 3-in. handwheel 13, divided into 250 parts. 
Each micrometer screw has a range of one inch. 

(iii.) Gravity Piece Feeler .—The machine 
has no indicator, all measurements being 
made by the method of “ touch ” or “ feel.” 
When comparing small gauges under about 
one inch in size, they are pass'd in turn be¬ 
tween the contact faces, the distance between 
which is gradually diminished by means of the 
right-hand micrometer screw until the gauge 
will just not drop through the gap by its own 
weight. The method of taking readings on 
larger gauges is illustrated in both Figs. 126 
and 127. The gauge, or a number of gauges 
14, butting end to end, are placed on suitable 


supports 15, so that their axes are parallel to 
that of the machine, and with the left-hand 
measuring face touching the contact face of 
the tailstoek. The plunger of the headstock 
is then adjusted by the micrometer screw until 
a “gravity piece” 16, which consists of a 
short, accurately finished plug $ in. diameter, 
just refuses to pass by its own weight through 
the gap between the right-hand face of the 
gauge and the contact face of the headstock. 
With parallel faces this method of taking a 
setting is sensitive to within 01)0001 in., as a 
diminution of this order in the size of the gap 
is quite sufficient to prevent the gravity piece 
dropping through, where previously it passed 
quite freely. It will be readily appreciated, 
however, that the method is rather slow, as 
the final adjustment of the handwheel must 
be by bund red-thousandths. It is difficult 
to judge with any certainty how much reduc¬ 
tion in the size of the gap is required to 
obtain a satisfactory setting, so that it is 
necessary to proceed very cautiously over the 
last 0-0001 in. or so. 

The thrust collars are held in contact with 
the abutment faces by suitable lock nuts in 
the case of the headstock and by the small 
handwheel in the ease of the tailstoek. Back¬ 
lash in fhe screw is taken up as far as possible 
by adjusting the brass nuts 9; nevertheless, it 
is always necessary to turn the handwheel in 
one direction when making a setting so as to 
avoid backlash. 

The importance of accuracy in the thrust 
surfaces on the collars and abutments is dealt 
with in § (79) (iii.), where their effect on 
periodic error is explained. 

Those machines are made to suit any 
reasonable capacity by simply lengthening 
the bed. 

§ (72) The “ Nfavall ” Measuring 
Machine, (i.) General Arrangement.— An ex¬ 
ample of this design of machine having a 
capacity of 24 in. is shown in Fig. J28, from 
wflich it will he seen that the machine consists 
of a hollow boat-shaped bed, carrying on its 
upper surface a micrometer headstock at the 
right- and a tailstoek at the left-hand end. 
Neither of these parts is permanently fixed to 
the bed, hut each is provided with a clamp 
for fixing temporarily at any required position. 
The machine is also provided with a pair of 
vee supports for carrying end gauges during 
measurement. The bed is carried on a pair 
of feet, the left-hand one of which is attached 
to the bed by a pivot parallel to the axis. 
This virtually provides a three-point support, 
and ensures that the bed is free from any 
strains due to unevenness of the supporting 
surface. 

(ii.) Headstock .—Details of the micrometer 
headstock are shown in the sectional draw¬ 
ing, Fig. 129. The micrometer spindle 1 runs 
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in a thread tapped in steel bush 2, and is sup- wheel .‘l, hi in. diameter, which is divided 
ported at each end on its plain portions in into 5(H) parts each representing 0-0001 in. 
hardened steel hushes. The left-hand end of A vernier 4 enables readings to bev taken to 
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the right by the spring 7. Fine adjustment I The plunger Iff, which is hardened, is a good 


of the handwheel is made by means of the 
tangent screw 8 at the end of a radial arm 
which can he clamped to the spindle at 
will. 

The readings are automatically corrected 
for progressive errors in the pitch of the 
micrometer screw by means of a special device 
which controls the angular position of the 
arm 9, carrying the vernier. This mechanism 
comprises a rocker arm 10, pivoted at its lower 
end and carrying at the other extremity a 
small roller which bears on an enlarged plain 
part of the spindle, the diameter of which is 
varied along its length, in accordance with the 
magnitude of the progressive error in the pitch 
along the screw. Oscillations of the arm due 
to the action of the cam arc transmitted 
through a pin joint to (he double sleeve 11, 
which carries the vernier arm. Contact is 
maintained between the roller and the spindle 
by means of a spring on the arm 10. It is 
possible to adjust the position of. the vernier 
for initial settings by unclamping the outer 
of the two sleeves II, and rotating the arm 9 
about the inner sleeve. 

The 0 0001 in. divisions on the handwheel 
are spaced approximately 0-04 in. apart, so 
that the magnification of the micrometer is 
400. The headstoek is also made for metric 
measurements, in which case the screw has a 
pitch of 1 mm., and the handwheel has 1000 
divisions, each of which consequently repre¬ 
sents 0001 mm. The ranges of the English 
and metric headstocks are l in. and 20 mm. 
respectively. 

(iii.) Tailstock .—A sectional drawing of the 
tailstock is shown in Fig. 130. It consists of 



the main body 12 and a subsidiary block 13 
which, by means of the finely threaded screw- 
14 and a mil in the tailstock, serves for 
adjusting the position of the tailstock along 
the bed. 


! sliding lit in the bush, but is prevented from 
! rotating by a pin working in a slot. Its 
I right-hand end is lapped Hat and square to 
the axis and forms the second contact face 
■ of the machine. A pressure of about 5 lbs. 
! weight is exerted between the two contact 
: faces by the spring Ifi. 

i (iv.) Lv.ni Indicator.— In order to facilitate! 

the measurements and to free them from all 
1 effects of personal “ feel ” or “ touch,” this 
! machine is provided witn an indicator fixed 
I to the tailstock. It consists of a fairly sen si- 
1 tivc spirit-level tube 17, Fig. 130, mounted on 
; a lover 18, which is pivoted at its lower end to 
i a bracket 10 lived to the rear end of the tail- 
stock. The rear end of the tailstock jHunger 
, presses against this lever through the medium 
| of a steel ball, the point of contact, being a 
short distance above the line joining the 
; pivots. The lever is kept in contact with 
| the ball bv a small spring-controlled plunder 
• held in the bracket 19. If the plunger Iff is 
pressed in against the force of the spring 16, 

' it causes the lever supporting the level to 
! turn about its fulcrum and so tilts the level 
i tube. The magnification of the movement of 
| the bubble depends upon the ratio of the arms 
: of the lever and the sensitivity of the level 
itself : it is usually set to a figure of about 
40U(). The level tube has a scale engraved 
on it in tenths of inches, and a movement of 
the bubble from one line to the next indicates 
; a displacement of tlie plunger of between 
0-00002 and 0-00003 in. 

(v.) Comparison of Gauge*. — When com¬ 
paring two gauges the headstoek and tail- 
stock are clamped to the bed at a suitable 
i distance apart, making use of the adjustment 
screw- at the rear of tic* tailstock. The 
reference gauge is then inserted between the 
contact faces and the micrometer wheel 
rotated and finally adjusted by the tangent 
serpw until the bubble of the indicator arrives 
at, say. the central mark on the scale of the 
level. A reading of the micrometer is then 
! taken. The unknown gauge is now sub- 
i stituted for the reference gauge and another 
! setting made, bringing the bubble up to 
! exactly the same, division. This is followed 
! I»y a second reading of the micrometer. 

| Assuming the micrometer screw is accu- 
! rate, the difference between the readings 
j gives the difference in the lengths of the 
! two gauges 

i Instead of using reference gauges for pur- 
I poses of comparison, this type of machine is 
j fitted at times with a scale and microscope, 
j The scale is made of steel ami has the division 
i lines engraved on the polished surface of 
j invar plugs let into the upper surface of the 
| bar. It is rigidly fixed to the side of the bed 
i of the machine at about the level of its upper 
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surface. The microscope is provided with a 
pair of (ixed parallel cross-wires in the eye¬ 
piece and is held over the settle in a bracket 
attached to the tailstoek. 

The method of taking measurements by 
the use of a scale and microscope is explained 
in § (17), and some sources of errors are 
referred to under the same heading. 

The Newall machine is made in four sizes, 
having capacities up to 12, 24, 48, and 72 in. 
Machines for metric measurements are also 
made of corresponding capacities. , 


having a taper shank is fitted into the left- 
hand end of the plunger, and the outer face 
of this plug, which is lapped accurately Hat 
and square to the axis, forms one of the 
contact faces of the machine. The diameter 
of the face is in. The other end of . the 
plunger, which is hollow, carries the nut of the 
micrometer screw in a conical hole. The 
brass nut, which is split, is held in position by 
a retaining ring at the neck, audits fit on the 
micrometer screw is adjusted by varying its 
position in the conical hole. The micrometer 
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§ (73) The “ Pkatt and Whitney ” Mkas- 
u iiino Machine, (i.) (le.nr.rul Arrangement .— 
This type of measuring machine, which is of 
American manufacture, is shown in Fin. 131, 
which is a rear view of a machine of 48 in. 
capacity. The micrometer headstock is on 
the left and carries a microscope looking 
over a scale attached to the rear of tin*- bed. 
The tailstoek is provided with an indicator 
and is clamped down to the other extremity 
of the I red. 

The bed, which is of massive design, is 
supported on three feet. Its upper hearing 
surface consists of a OO ’-vce along one edge and 
a horizontal Hat along the other. It has a 'J # - 
slot along its length for purposes of locking 
the headstock. 

(ii.) Muronicler Headstock.— A more detailed 
view of the headstock is given in Fig. 132, which 
shows the addition of a reading lens over the 
vernier and a tangent screw adjustment on 
the micrometer spindle. Fig. 133 shows a part 
sectional line drawing of the headstock in which 
the internal details can he seen. 

'•’he main casting 1 can he accurately set to 
any position along the bed hv clamping the 
auxiliary block 2 and making use of the fine 
adjustment screw 3 which connects the block 
to the headstock. The latter is provided with 
a fixing holt for clamping to the bed when the 
headstock is in the desired position. The 
headstock is bored and fitted with a hardened 
steel hush, in which the plunger 4, which is 
l in. diameter, is a good- sliding fit. A plug 


screw 5, which has a travel of 1 in., has a left- 
hand veo thread, 1 ;j in. long, 25 threads per in. 
The thrust of tlm screw' is taken between a 
collar on the spindle and the face of a hush 



fixed in the rear end of the bore of the head- 
stock, which also forms a hearing for the 
spindle. The latter has a 4-in. graduated drum 
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divided into UK) parts, each ef which represents 
(H«ml in. The actual length of each division 
on the drum is approximately tMISJ in.**» that 

the magnilication of Hie micrometer is closely 
.'{00. Tim readings are made against a single 
index or vernier 7, which is carried on a sleeve 
and ran he adjusted in a circumferential 
position hv the screw S. 'The contact between 
the thrust collar and the abutment is niiun- 


also serves as an automatic device for compen¬ 
sating errors in the readmits due to inaccuracies 
in the pitch of the micrometer screw. If the 
controlling edge of the plate is parallel to the 
axis of the plunger, the motion of the latter 
will lie purely translutorv. Any lack of 
parallelism, however, sill Produce a. corre¬ 
sponding slight rotational movement of the 
plunger as it is moved from one. end of its 



tained partly by a light spring next to the 
handwheel, hut mainly hy the pressure derived 
from the tiiilstnck and transmit tod through 
the gauge being measured. 

Tin* plunger of the head,stock is prevented 
from rotating by a clip ft which is attached to 
its outer end, and which is guided in its longi¬ 
tudinal motion with the plunger by contact, 
with a plate 10. One. edge of this plate hears 
a scale divided into twenty-fifths of inches, 
and a mark on the clip enables the position 
of the plunger to he determined so far as 
complete revolutions of the micrometer screw 
arc concerned. 

(iii.) Compensating Plate. The plate 


range to the other. Bv virtue of the screw 
and nut, this rotation will have ttie effect o 
slightly advancing or retarding the axia 
position of the plunger. A calibration o 
the headstock is made with the plate act 
accurately in the parallel position, ami tin 
errors in‘the travel of the plunger determine 
by the : letliod explained in § (79) (iii-). If * " 
error is progressive and is proportional to tin 
travel, it can be corrected by simply tdtinf 
the plate 10 about the pivot II by means o 
the adjusting screws lib After setting th 
plate it is fixed in position by the screw 
which passes through a slotted hole in it 
If the calibration diagram shows a curved Inu 
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it will be necessary to form the edge of (he 
plate to the corresponding shape. By this 
means of adjustment it is possible to obtain 
a final calibration which is correct to within 
0-00002 or 0-00003 in. throughout the 1 in. 
range, provided the micrometer screw is 
reasonably good in itself. This method 
cannot be applied to the correction of 
periodic errors in the calibration (sec § (70) 
('»■))■ 

(iv.) Tail-stock. — A sectional drawing is 
shown in Fi<j. 133. The casting 14, which can 
be fixed to the bed by a T-bolt, is bored and 
fitted with hardened steel bushes in which 
the hollow plunger 15 is a good sliding fit. 
The plunger is prevented from rotating by a 
projecting tongue fixed to the base, which 
runs freely in a longitudinal slot in the lower 
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part of the sleeve 17. The right-hand end of ; 
the plunger is fitted with a plug, the outer end I 
of which forms the second contact face of the j 
machine. A spiral spring 10 is placed between ! 
the other end of tile plunger and a plug in 
the hush so as to provide a pressure between 
the measuring faces. This pressure is usually 
about 5 lbs. weight. 

(v.) Indicator. -The indicator, which is 
fitted to the tailstock, is of a simple nature. 
Two auxiliary contact faces 18 are provided, 
one being fixed to the sleeve 17 which is 
connected to the plunger, and the opposite 
one to the base of the tailstock. A small, 
accurately made plug 10, , ; V. in. diameter, is 
clipped between these two faces by the action 
of the spring at the rear of the plunger. When 
making a setting on a gauge between the. 


measuring faces, the micrometer hand-wheel 
is gradually rotated and the pressure on the 
face of the tailstock plunger increases until 
it just overcomes the effect of the spring. 
When this state is reached, the plunger begins 
to be pressed hack and the small plug is 
released from between the two auxiliary 
faces and drops. Instead of allowing the 
plug to actually drop, however, it is 
arranged initially with its axis horizontal, 
ami the indication is obtained when it 
swings into the vertical position without 
falling from between the faces. This criterion 
is sensitive to an order of 0-00001 in., 
hut has the disadvantage that it gives 
no preliminary warning as to the nearness 
of tho setting. It is necessary, therefore, 
to proceed very cautiously over the last 
few ten-thousandths in order to avoid over¬ 
running the setting. The usual procedure 
is to make a rapid setting so as to obtain 
an approximate reading to within 0-0001 in. 
or so, and this is of assistance when making 
the linal setting. 

This type of machine can he used for com¬ 
paring gauges having closely the same lengths 
by making use of the micrometer headstoek. 
The machines are also provided with scales 
and microscopes, as slun\n in Fitj. 131, for the 
measurement of gauges by comparison with 
the line standard. The microscope is mounted 
in a bracket attached to the headstoek and 
is focussed on to a scale screwed down to a 
ledge at the rear of the bed. The scale is of 
steel and has a rectangular section lxl£ in. 
The lines are engraved on the raised polished 
surfaces of plugs which are driven into holes 
in the bar. In some eases, two rows of plugs 
are fitted to the one bar, those in one row being 
spaced at intervals of 1 in. and the others 
a I intervals of 2-5 cm. In such eases an 
additional headstoek, fitted with a metric pitch 
micrometer screw, is usually provided. The 
scale is fitted with one or more hinged metal 
shields, which can he swung out of place when 
readings are to he taken on it. 1 

This make of machine has recently been 
fitted with a new type of indicator on 
the tailstock, which consists briefly of a 
slightly bowed Hat spring, one end of which 
is lixed to the tailstock and the other to 
the measuring face of the plunger. As the 
latter is pressed in, the •spring is flowed 
still further and eventually makes an electric 
contact for a circuit containing an incan¬ 
descent lamp. 

(vi.) Measurement of Screws on Pratt and 
Whitney Machine.- This machine can he used 

1 The method of taking measurements by the use 
of the scale and micrometer is described in § (17). til. 
In this design of machines, or in any other where the 
scale, is not in line with t he main axis of measurement, 
the straightnexs of the tied is a very important 
factor with regard to the accuracy of the measure¬ 
ments obtained from the scale. 

2 li 
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for the measurements of the diameters and the is moved along the screw bv the motion of 
pitch of plug-screw gauges. When measuring the micrometer. 

the diameters, the screw is supported on The machines shown in Figs. 135 and 130 




Fig. 130 


,. , , , ■* stylus for § (74) Snrt&r£ Gfnkvot.se Measuring 

which has a hardened steel - <lchr(l Ut Mac-tune. (i.) General Arrangement. — A 
engaging with the thread, is aft.-.]- an( j machine of more recent design than either the 
the plunger of the micrometer hcadsto, ,. y } Nowall or the Pratt and Whitney types is 

1 For description of method sec § (1!)) *. made by J-a Soeiete Genevoisc of Switzer- 
and (vl.). 
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land. A general view of this type of machine 
of 20 in. capacity is shown in Fig. 137. The 
essential parts consist of: 

(а) The bed, at the right-hand end of which 

is fixed the micrometer headstock 
furnished with an indicator. 

(б) The sliding tailstock, which carries a 

scale in line with the axis of 
measurement. 

(c) The fixed micrometer microscope, held 
in a bracket bolted to the bed and 
focussed on the surface of tlu) scale. 1 

The machine can he used as a comparator 
for determining the difference between gauges, 
provided the measurement does not exceed 
the 1 in. range of the micrometer screw. It 
also serves for the determination of the 
lengths of gauges by direct comparison with 
the scale; in fact, the machine was designed 
mainly with that purpose in view. 

The construction of the bed, which is of U- 
shaped section, will be seen in Fig. 137. it 
rests on three feet. The bearing surface for 
the carriage consists of a vee and a Hat. 

(ii.) Taildnck mid Satin. —The tailstock 1 
rests on the bed, but the bulk of its dead 
weight is taken on four rollers 2, which are 
mounted on spring levers fastened to the 
underside of the carriage and which roll on 
auxiliary flat surfaces on the bed. This 
arrangement serves to reduce the sliding 
friction and, in addition to giving the carriage 
a freer motion, helps to preserve the accuracy 
of the bed. When setting the carriage to 
any desired point under the microscope, it 
is first brought into approximate position by 
noting the reading of an index point on a scale 
placed along the front, of the machine. The 
final adjustment is then made, by ( losing the 
clamp 3, bv the lever 4, and operating a 
hand-wheel which, by means of worm-gearing 
and the traversing screw f>, gives a slow motion 
to the carriage. 

The scale 0 is approximately of rectangular 
section $x{f5 in. It is graduated at every 
twentieth of 1 in. over a length of 20 in. 
along the middle portion of the upper surface, 
which is highly polished. The material of 
the scale is f>8 per cent nickel steel. This 
alloy is chosen, as it has practically the same 
coefficient of expansion as that of steel, and 
it remains free from oxidation when exposed 
to the atmosphere. The scale has two plates ; 
screwed to its underside at the “ Airy ” points, i 
The one on the left is fastened down to the i 
upper surface of the carriage by a screw from ! 
below, whilst a shank on the other rests freely 
in a hole towards the other end of the carriage 
and is located transversely by a set screw 

1 The right-hand microscope seen in Fig. 137 is for 
Bcrew measuring purposes and will be referred to 
later. 


from each side. This arrangement ensures 
that the scale is not strained, and provides 
a means of adjusting it parallel to the axis 



of the bed. A hood is iixed over the scale 
and removable shutters are provided in short 
sections, so that only the particular portion 
which is to l>e viewed need he uncovered. The 
graduated surface of the scale is placed 
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directly in line with the centre line of the 
measuring face 7 of the carriage ; this con¬ 
stitutes one of the most important features 
of the design. The advantages of this arrange¬ 
ment are referred to in § (17), ///. 

(iii.) Micrometer Ilcaddock .— The micro¬ 
meter headstock, which is shown in section 
in Fig. 138, is screwed down to the right-hand 
end of the bed. A hollow steel plunger 8 
slides in hardened steel hushes and is fitted 
at the front end with an internal plunger 9, 
the face of which constitutes the contact 
face of the headstock. The rear end of the 
plunger 9 is fastened to a spuing 10, the other 
end of which is connected to a movable hush 11. 
By moving this bush axially the spring can 
be put either in compression or tension, accord- 


and wheel is practically 800. The range of 
the micrometer screw is l in. 

To prevent rotation of the main plunger, a 
radial arm 14 is fixed to it by a sleeve. The 
end of this arm runs between two guide 
plates 15, screwed to the base of the head- 
stock. As explained in the case of tlio Pratt 
and Whitney machine, by suitably forming the 
edges of these plates, any slight errors in the 
run of the micrometer screw can be corrected. 

(iv.) Indicator. —The indicator forms part 
of the headstock and gives a register of the 
relative* positions of the main plunger 8 and 
the internal plunger 9. The mechanism of 
the indicator consists of a pair of multiplying 
levers Ifi and 17 working on hardened steel 
knife edges. The upper end of the second 



ing as to whether external or internal measure¬ 
ments are to l>e made. This movement is 
accomplished by rotating the ring 12, which 
has an internal helical groove into which a 
stud fastened to the hush fits. The force 
exerted by the spring is about 2 lbs. weight. 

The rear end of the main plunger is fitted 
with the steel micrometer nut. In order to 
take up backlash a short auxiliary floating 
nut is provided at the outer end of the main 
nut, the two being separated by a spring. The 
micrometer screw 13, which is also of steel, 
has a specially deep vee thread and is screwed 
50 threads per in. right hanll. It obtains 
its thrust from a conical collar which hears 
against a hardened steel-plate screwed to the 
rear face of the headstock. The screw is 
provided with a 5 in. hand-wheel, graduated 
to read to 0*00005 in. direct, and, by means of 
a vernier, readings can be taken to 0-000005 in. 
The magnification of the micrometer screw 


lever registers over a graduated arc divided 
into twentieths of inches, each of which 
represents a movement of the infernal plunger 
of 0-00005 in. This magnificat ion is the same 
as given by the micrometer screw. The short 
arm of the first lever is moved !»v a knife edge 
18, which is attached fo the inner plunger 9, 
and the magnification of the iud! *ator can he 
set by raising or lowering this knife edge and 
so varying the short arm of the first lever. In 
order to eliminate backlash the various parts 
of the indicator are kept in contact by a 
spring. The whole indicator is totally enclosed 
in a me*al case carried on the main plunger, 
and a glass top is provided for viewing the scale. 

This indicator can be used as a “ zero ” 
indicator, or it will serve for measuring differ¬ 
ences up to MMMH>5 in. by means of the scale 
on the graduated are. 

(v.) Micrametc.r MFroscnpe. - The micro¬ 
scope 19 {Fig. 137) is used for reading the posi- 
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lion of the scale along the bed. Tt gives a 
magnification of (10 ami is provided wilh a 
pair of parallel wires in the eyepiece, whose 
position can be varied and read by a micro¬ 
meter screw and graduated drum. The field 
of the microscope is illuminated by a small 
glow lamp placed at the roar of the bracket. 
The range of the micrometer is in., which 
is also the distance between the lines on the 
Neale. When making a measurement of a 
gauge by the scheme outlined in § (17), III-, 
this machine offers two possibl j methods. 
The microscope can either he used as a zero 
indicator, the difference between the length 
of the gauge and the nearest corresponding 
line on the scale being measured on the 
micrometer lieadstock, or rice versa. It 
should be noted in either ease that it is 
necessary to know the. calibration of one or 
other of the micrometer screws, and, in 
addition, the length of the scale must bo 
known at every division throughout its 
length. With regard to the latter, the makers 
supply a table of errors for each inch division, 
and they guarantee that the dividing is so 
uniform that the errors at any of the inter¬ 
mediate divisions can he determined to a 
sufficient accuracy by interpolation. The 
most satisfactory method appears to be to use 
the microscope as a zero indicator, i.e. the 
positions of its cross-wires are not varied 
throughout a set of readings, and, using only 
the known inch lines on the scale, to measure 
the difference on the micrometer headstoek, 
the errors of which should be known through¬ 
out its 1 in. travel. The resells of tests made 
by the latter method proved that absolute 
measurements can he made on this type of 
machine to an accuracy of within + ()•00005 
in. over a maximum length of 20 in. 

(vi.) Other Uses of the Machine—Internal 
Measurements .—In addition to the measure- 


suitable support so that the hardened steel 
internal contact points on the adaptors come 
in contact with the gauging surface. Having 
set the spring of the headstoek in tension, 
the plunger is gradually moved to the right 
by the micrometer screw until the indicator 
registers at its zero position. The machine 
has to be standardised on a gap gauge of 
known size. In making such measurements, 
care has to be taken to ascertain that no 
elastic deformation of the gauge occurs owing 
fit) the stretching effect of the force applied. 

(vii.) Measurements of Pita/-screw Uaut/es .— 
Special fittings are provided for the complete 
measurements of plug-screw gauges. 





merits of end gauges and plain-plug gauges, 
the machine can be fitted with special adaptors, 
as shown in Fiy. for making internal 
measurements of gap and ring gauges. A 
U-sitaped piece is lifted over each measuring 


Mechanical measurements of the diameters 
of screws up to 4 in. diameter are made by 


face and is held in position by a clip. The the method shown in Fiy. 140. The screw 
gauge to he measured is held or placed on a Is mounted between centres on a floating 
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carriage, and the measurements are made 
between the usual contact faces of the machine, 
standard wires or vee pieces being inserted 
in the ease of effective and core diameters. 

The angle and pitch of screws up to 4 in. 
are measured by the method indicated in 
Fig. 141. An auxiliary microscope is carried 
in a bracket bolted to the bed. This micro¬ 
scope has a cross-wire which can be rotated, 
its position being read on a suitable angular 
scale. The gauge is held between centres 
with its axis parallel to that of the bed, on 
a cariiage which is connected to the tailstoek. 
This carriage can be moved along the bed 
with the tailstoek, and it can also move 
transversely on a second slide. The micro¬ 
scope is focussed at the height of the centres 
and its field is illuminated from below, provi¬ 
sion being made for adjusting the direction 
of the parallel beam of light to suit the rake 
angle of the thread. The, screw is set- so that 
its profile is seen in the microscope and the 
angles of the flanks arc measured with the 
goniometlie eyepiece. The pitch is measured 
by setting the cross-wire parallel to one set. of 
Hanks and moving the screw longitudinally, 
thread by thread, under the microscope, 
readings being taken on the scale with the 
micrometer microscope when the cross-wire 
coincides with each flank in turn. The 
observations are then repeated with the cross- 
wire set parallel to the opposite set. of 
flanks. 

The diameters of plug screws up to 1 in. 
ran be measured optically by the scheme 
illustrii.ted in Fig. 142. The screw is again 
mounted between centres on a carriage which 


The Rocicte Gencvnise machine is made 
in three standard sizes of 20, 40, and SO in. 



Fiu. 142. 


capacities. Machines for metric measurements 
are also made in corresponding sizes. 

§ (75) ‘‘Shaw” Mk\svkinu Mach ink.- A 
complete description of this type of measuring 
machine will be found in Proc. 1. Merit. F., 
April 1912. The inventor, T>r. P. ft. Shaw, 
first developed a method of measuring by 
using micrometer screws furnished willi 
electric contact indicators in 1900. ftxperi- 
I enee was gained from one or two preliminary 
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can be moved in the diametral direction by 
means of a micrometer screw. The crests, 
roots, or flanks of the thread are ret to coincide 
with the cross-wire of the microscope accord¬ 
ing as to whether it is desired to measure, 
the full, core, or'effective diameter of the 
screw. 


designs, and finally the machine shown in 
Fig. 142 was developed in 1912. 

(i.) (lateral Arrangements. — This machine 
serves as a gauge comparator, as a comparator 
between end gauges ami scales, and as a 
means of exploring the parallelism of the faces 
of a gauge. 
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The bed supports three carriages. A, 15. and 
C. The central "no, B, is the gauge-holder, 
ami consists essentially of a vertical compound 
slide working on a face which is surfaced to a 
high degree of accuracy. For purposes of 
setting up, the gauges are supported on the 
slide ill gimbals, the rotational motions of 
which are controlled by fine adjustment 
screws. The other two carriages, A and C, 
are micrometer headstocks, the former being 
provided with all extension blanket, at the 
rear for supporting a standard scale in line 
with the axis of the micrometers. The scale 
is viewed by means of a micrometer microscope 
rigidly held in an independent bracket. The 
bulk "of (lie dead-weight, of the carriages is 
transmitted through adjustable spring feet to 
a pair of girders placed alongside of the bed. | 
When comparing two gauges, they are 
mounted in tile gauge-holder and aligned by 
means of the girnhal support. The fust 
gauge is then brought between Hie contact 
points of the micrometers, which are clumped 
at a suitable distance upait, and a reading 
is taken on eaeli micrometer. The slide 15 is 
then traversed across horizontally so as to 
bring the second gauge into position and a 
corresponding pair of readings is taken on it. 
The difference between the sum of tile two 
micrometer readings oil each gauge gives the 
difference between the lengths of the gauges. 

To investigate (lie parallelism of the laces 
of an end gauge, a series of measurements 
are made at various positions oil the faces by 
traversing the slide holding the gauge, it 
should be noted that such a series of measure¬ 
ments does not. give a test on the flatness ot 
either face, since the measurements made on the 
individual micrometers depend upon the truth 
of the slide of the gauge-holder. If the faces 
are shown to lie parallel by obtaining a Constant 
sum for the micrometer readings in ddfi rent, 
parts of the faces, it is quite probable that 
they are both flat. As a final check the 
flatness of the individual faces can lie readily 
tested by the application of optical interference 

niothodrf. . 

When measuring end gauges with reference 
to a standard scale, the method adopted is 
similar to that described in § (17), III. 

(ii.) Micrometer Heminlorkn. — These arc 
exactly similar in construction so far as the 
micrometer screw and contact points are 
concerned. A sectional diagram is shown in 
Fiq. 144. The micrometer sc row 1, and the 
nut 2, are of steel and have a pitch of 
i millimetre. The graduated wheel 3, which 
is attached to the nut, is 150 min. diameter, 
and is engraved with 500 divisions. A vernier 
enables readings to ho taken to 0-0001 mm. 
The magnification of the micrometer and wheel 
is approximately 040. The nut rotates in a 
bearing 4, and the thrust is taken by the 


contact, of a conical steel point. 5 against a 
rigid flat face (i, both being hardened. The 
screw is prevented from rotating hv a yoke 



Fin. 154. 


piece 7, which slides along a guide bar parallel 
L, the screw. Backlash between the screw 
and nut is minimised by the action of a pair 
of weights 8, the cords from which pass over 
pulleys and are connected to the yoke piece 
on the wivw. 

(iii.) 7 'hv Mf'it-iirimj /'-Wa. micro- 

meter headstocti lias a specially designed 
electric contact measuring end htted to the 
micrometer spindle. A seel,on of tins lifting 

... . , - v i .. .... Cl tici 





insulators 


Fig. 145. 

tightly over the end of the micrometer spindle 1 
and provides a hearing for the plunger 10, 
which can slide in and out of the insulated 
flush shown. The spring 11 normally keeps 
the plunger awav from the point of the micro. 
lm .',c screw. The. outer end of this plunger 
carries an adjustable head 12, which lias a 
flat measuring face at the end. The squareness 
of the face to the avis of the plunger can be 
adjusted to a nicety by means inf three small 
set screws, of which only two are shown. For 
making local measurements a cap 13, which 
has a small rounded contact point, van bo 
fitted over Ibc flat measuring face. 

When making a measurement, the micro¬ 
meter spindle I is slowly advanced until 

the measuring ..at, or face, makes contact 

with the adjacent end of the gauge. A 
further motion causes the plunger 
slide back in its bearing, and eventually its 
rear end comes in contact with the tip of tin 
| micrometer spindle 1. The two terminals ol 
j an electric circuit, containing a cell and oithci 
I a high-resistance telephone receiver nr £ 
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galvanometer aro connected to the micro¬ 
meter spindle and the plunger respectively. 
When contact is made I>ct\veen these two parts, 
an indication is immediately given by the 
telephone, or galvanometer. The contact is 
made between a bead on the end of the 
spindle and a plate at the end of the plunger, 
both being of iridio-platinum. With reason¬ 
able care the contacts can be kept free from 
dust, and it has been found that repeat 
readings can he made to (MHXXH)2 in. It may 
be mentioned that this type of indicator gives 
no warning of the proximity of the setting, 
and this is a disadvantage if rapid readings 
are required. 

§ (7b) Hartmann Automatic Comparator. 
—This machine, which was designed by M. 
Hartmann of the Section Technique de 
rArtillerio of France, is intended for the 
automatic inlercomparison of spherical-onded 
length gauges ; it is not- adapted for use with 
a line standard of reference. The arrangement 
of the machine is such that a continuous series 
of intercom pa rison can ho made between a pair 
«>f gauges, and the results are permanently 
rerun led on a graduated chart. Thermal 
effects dm* t<> the observer, which present 
one of the most serious dillieulties in using 
the ordinary type of measuring machine, are 
entirely eliminated. The apparatus is en¬ 
closed in a ease provided with glass windows 
and is operated by a motor placed outside. 

(i.) (lateral Arrangement .—The bed of the 
machine carries a micrometer headstock and 
a tailstock as usual. The position of the 
latter /an be adjusted along the bed to suit 
any length of gauge up to about one metre. 
The two gauges to be compared are supported 
in a carriage which is capable of movement 
in a direction transverse to the bed and is 
arranged so that the gauges are deposited 
between the measuring faces in turn. The 
headstock has a micrometer screw of 1 mm. 
pitch left-hand thread, the total run of which 
is only -\ mm. The screw- is driven by the 
action of a 40-gr. weight suspended from a 
cord which passes round a 20-cm. diameter 
pulley fastened to the spindle. This pulley 
has ten equally spaced radial arms, the ends 
of which are furnished with needle-points 
arranged parallel to the machine axis and on 
a circle of 2 metres circumference. The 
graduated chart, past which the needle-points 
move, is fastened round a drum capable of 
rotation about a vertical axis. 

The action of the machine is simple. The 
cycle of operations commences by one of the 
gauges being deposited between the measuring 
faces. The micrometer screw is then advanced 
by the action of the weight on the cord, and 
continues to do so until a dclinite pressure is 
set up by its contact with the gauge. The 
outer end of one or other of the radial arms 


will be opposite the chart- and the needle¬ 
point is pressed in. The screw now recedes 
so as to release the gauge, which is picked up 
by the traversing cairiage, and the second 
gauge is deposited between the contact faces 
in its stead. The micrometer then travels 
forward once more to make contact with this 
gauge and a corresponding record is made 
on the chart. Assuming that the gauges do 
not dilTcr by more than about 0 05 mm., the 
same needle-point will make the two records, 
and the ein-umferential distance between the 
marks will give the difference between the 
gauges to a magnification of 2000: i.e. a 
difference of 0-001 mm. will be represented by 
a space of 2 mm. on the. chart. 

The above cycle of operations is repeated 
automatically about once every minute so 
long as the motor is allowed 1<> run, and, as 
the drum is subject to a small rotation after 
each record has been made, the result of a 
aeries of comparisons is given by two horizontal 
rows of prick marks in the chart, one corre¬ 
sponding to each gauge. A mean line is 
drawn through each row- and the difference 
between the gauges is read off on the gradua¬ 
tions of the churl. The machine can also 
be used for the comparison of plug gauges or 
for investigating the parallelism and circularity 
of a plug gauge itself. 

A full description will be found in La Nature, 
January 8, 181)8. 

§ (77) Measuring Machine designed at 
N.P.L.—Several lypes of small special measur¬ 
ing machines have been designed, and are in 
use at the National Physical Laboratory, 
Teddington ; the one shown in Fig. 1-M» is 
an example. This machine was designed by 
Mr. H. M. Hden early in 1018 for measuring 
gauges up to a size of one inch. By a simple 
change of one of tire measuring anvils the 
machine can be made to serve for sizes between 

1 and 2 in. 

Then! are several novel points in the 
const-ruction of this machine, among which 
may be mentioned the optical indicator, the 
method of varying the working pressure 
between the contact faces at will, the method 
of adjusting the parallelism of the contact 
faces, and the arrangement- of the dials of the 
micrometer to facilitate reading. The general 
arrangement of the machine, is shown in Fig. 
14(1. The two hardened steel plungers l ami 

2 are good sliding fits in bushes fitted to the 
body. The position of the right-hand one. is 
controlled by the micrometer screw 3, and the 
other is connected to a deflecting mirror 4, 
which forms part of the indicator gear. 

(i.) Micrometer .—The stool micrometer 
screw 3, which has 50 threads per inch, runs 
in an adjustable brass nut fitted in the sleeve 
5, which is screwed to the body. The point 
of the screw has a hardened steel plug let in, 
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and this comes in contact with the rear end 
of the plunger 1, a light pressure being main¬ 
tained by the spring shown. The plunger 
is prevented from rotating by a collar which 
slides along a steel wire. The outer end of the 
screw spindle carries a thimble (j, which has 
a 4-in. dial 7, divided into 200 parts, each of 
which represents 0 0001 in.: the magnification 
of the reading is roughly (i.'JO. Two other 
dials, 8 and 0, are fitted on the outside of 
the thimble so as to he free turning fits 
on it. The central one 7 has a angle line 
engraved across it, and is prevented from 
rotating by a screw on its periphery, the point 
of which rests on an adjustable corrector 
bar 10. Each of the dials, 8 and 1), has an 
annular toothed disc screwed to the inner face 
of ils boss, the number of teeth on the former 
being 49 and on flic latter o0. A ring 11 is 
clamped to the thimble between the two 
bosses, and carries a small pinion wheel 12, 
which meshes with both the toothed discs. 
As the micrometer thimble is rotated it 
carries the ring 11 round with it, and the. 
cited of the toothed discs and pinion is to 
cause the dial 9 to rotate in the same direction 
as the thimble, but at one-fiftieth of its speed. 
Now the fully divided disc 7 is marked with 
two zero lines diametrically opposite, and the 
nine intermediate main divisions of each half 
are numbered 1 to 9 consecutively. If the 
micrometer screw is at the one-inch end of 
its run, the dials will read as shown in the 
lower view of Fig. 146. On rotating the thimble 
in a clockwise direction through half a revolu¬ 
tion, the plunger 1 will bo made to advance 
by half the pitch of the screw, i.e. 001 in., 
and the opposite zero mark on the disc 7 
will he brought to coincide with the single 
line. The dial 9 will, at the same time, 
have been driven through ,] Ml th of a revolu¬ 
tion, and consequently its 99 division will 
coincide with the single line. The dials now 


Dial 9 8 7 



indicate the reading 0-99(n>. 
If the. thimble is rotated a 
little further so that it now 
reads 844 small divisions 
against the line, the latter 
will be between the 98 anti 
99 divisions on the dial 9, 
and the whole reading is seen 
at a glance to bo 0-98844 in. 


Reading, 0-98844 This setting is shown in 

Fia. 147. 147 * Thc £ rarin £ 

the two dials 7 and 9 at 


the fit) to l ratio thus provides a very con¬ 
venient means of indicating the complete 
reading. 

(ii.) Adjustment for Working Pressure. —The 
left-hand measuring plunger 2 is supported 
at each end in the hardened steel bushes 111 
and 11. A sleeve lf» is fixed to it by means of 
two set screws, and the motion of this sleeve 


is controlled by the vertical lever l(i, which 
rocks about a spherical-shaped boss formed 
on the rod at about a quarter of its length 
from the upper end. At about half-way 
down, the lever is tupped for the tension 
rod 17, the left-hand end of which is tixtd 
to the cap 18, which fits over a barrel attached 
to the main easting. This barrel contains a 
compressed spring, the; length, and consequently 
the strength, of which can he varied at will by 
screwing the tension rod into or out of the. 
lever. If the measuring plunger 2 is pressed 
in by the action of the micrometer plunger, 
the motion is resisted by the spring operating 
through the tension rod 17 and the lever 16. 
The pressure can be varied from about 
1 lb. to 10 lbs. by altering the strength of 
the spring, and the amount of pressure is 
indicated by a scale engraved on the outside 
of the barrel. 

This adjustment for working pressure is 
useful when dealing with different, types of 
gauges. Small, light, or hollow pieces or balls 
can he measured under a light pressure of one 
or two pounds only, whilst for heavier gauges 
the pressure can be increased to 5 lbs. or more 
at will. 

(iii.) Adjustment for Parallelism of Measur¬ 
ing Fares. 'Die two measuring plungers are 
ground to the same diameter to within 
0-0001 in., and their faces are lapped in the 
same jig so as to be truly square to then 
axis. Unless the end bushes for the plungers 
are all exactly in lino, however, the faces 
will not come parallel when the plungers are 
assembled. This difficulty could he over¬ 
come by lapping the four bushes simultane¬ 
ously with a long plug lap extending right 
through the machine, but the adjustment 
can be made more readily by the following 
device. The rear bush 14 of the left-hand 
plunger is a snug 
lit in a shallow 
recess bored in 
the main east¬ 
ing. The actual 
shape of the bush 
is shown in Fig. 

118. It is held 
in the recess by Flu. 148. 

four cheese-head 

screws, and in addition, has four conical holes 
into which tit corresponding taper pings, the 
ends of the plugs being screwed into the easting. 
The flange of the hush is split through the coni¬ 
cal holes as shown. If the cheese-head screws 
are slightly slackened, it is possible by screwing 
the conical plugs in or out to spring the flange 
of the bush, and so vary within a certain range 
the lateral position of the inner diameter of the 
hush with respect to the recess in the easting. 
The actual length of the hearing of the bushes 
and the plunger is quite short, so that the 
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direction of the latter answers readily to this 
line adjustment without producing a hind- 
ini' fit in the hushes. On completion of 
the adjustment the cheese - head screws are 
tightened. 

(iv.) Optical Indicator. --The relative position 
of the left measurin'.' plunger and the casting 
is indicated by a deflecting mirror 4, Fig. 14(5. 
This mirror is mounted, as shown in Fig. 141), 



Ida. 140. 


on a hacking plate 0-02 in. thick, which is 
turned over at the edges to form a clip. A 
strip of steel foil, 0 002 in. thick, is soldered 
down the middle of the plate at the hack, 
and two similar strips are soldered down the 
two sides on the other face of the plate as 
shown in the figure. The end of the central 
strip is fastened to the plunger which is cut 
away for the purpose, and the outer strips 
are both clamped to the hush It. It is 
clear from Fig. Jo0 that if the plunger is 



Fig. 150. 
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translucent screen I) after reflection from a 
fixed mirror ('. In a particular machine, 
where the distances from the machine to the 
fixed mirror C and 
to the screen D 
wore 27 and 13 
in. respectively, a 
movement of the 
plunger of 0-0001 
in. gave a dellec- 
lion on the screen 
of 0-4.V in. 

The machine 
will serve as a 
comparator, using 
the indicator as a 
/.on*-setting device 
only, the differ¬ 
ences being meas¬ 
ured on the divided p IQ 151^ 

drum of the micro¬ 
meter. In cases where the difference to be 
measured docs not exceed about. 0-0005 in. it 
can be measured on the scale of the indicator, 
using a mechanical stop on the micrometer 
screw. 'I’llis slop is arranged by clamping 
together the revolving disc 7 and the central 
disc 8 which carries the screw stop reeling on 
the corrector bar. 

The travel of the micrometer is 1 in. The 
machine can be arranged to measure sizes up 
to 1 in., or by substituting a shorter plunger 1, 
the capacity can be changed to suit sizes from 
1 to 2 in. 

§ (78) Tub “ lU:u> ” Measuring Machine. 
—The object of the inventors and makers 
of this machine was to produce a measuring 
instrument for use in the workshop, which 
would be free, as far as possible, from the 
(‘fleets of vibrations and rough handling, 
and yet capable of giving measurements 
accurate to within half a ten-thousandth part 



pressed hack from its position of rest the strips 
will be bout, and, assuming that they become 
ares of circles, the angular deflection 0 of the 
mirror is equal to the ratio of the movement of 
the plunger d to the distance between the 
strips, i.c. to the thickness l of the plate on 
which the mirror is mounted. Thus the 
magnification can be varied at will by altering 
the thickness of the plate to which the strips 
are fastened. To prevent the plunger being 
pushed back too far and overstraining the 
strips, an adjustable stop 10 (Fig. 146) is 
screwed into the cap opposite'the rear end of 
the plunger. 

The deflection of the mirror is observed 
by the movement of a spot of light reflected 
from it by the arrangement shown in plan in 
Fig. 151. The light from a small straight- 
filament glow lamp A is directed on to the 
deflecting mirror by a lens P>, and the filament 
is brought to a focus as a bright line on a 


of an inch. 

, A general view of the machine is shown in 
Fig. 152. The still horizontal arm 1 is bolted 
down to the base plate 2 and carries at its 
extremity the vertical measuring head 3 of 
1 in. range. The latter is provided with an 
optical indicator of the delleeti.ig mirror type 
which gives motion, on a screen 5, to a spot 
of light produced by the lamp and arrangement 
of lenses 4. 

The capacity of the machine can be readily 
adjusted to any desired length within reason 
by inserting distance pieces 6, of suitable size, 
between the arm and the base. 

The measuring head is arranged in such a 
manner that the spindle does not rotate hut 
is capable of being moved vertically by rota¬ 
tion of the body 3, which carries the nut at 
its upper end. Referring to Fig. 153, the body 
has an extension at the lower end w hich forms a 
guide for the spindle, and which is itself a good 
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running fit in a hardened stool bush fitted to 
the projecting arm of the machine. The whole 
micrometer can thus he lifted out of the arm if 
necessary. When making a setting on a gauge 
placed on the anvil, the end of the micrometer 
spindle is allowed to rest on it by the action 


originally due 1.o Mr. E. M. Eden of the 
National Physical Laboratory). The result 
of such double reflection is that the rays 
which eventually leave the mirror arc deflected 
through an angle, which is four times as great 
as the angle through which the mirror itself 



Fig. 152. 


2 


of the weight «>f the whole micrometer, and 
then, by rotation of the micrometer body, 
the latter can be lowered, with respect to the 
spindle, until the rim on its under side comes 
in contact with the. steel strip U supporting 
the deflecting mirror. This strip has at the 
inner end a small ball, which rests in a hollow, 
being held in place by a light linger spring as 
shown. This ball forms a 
pivot about which the 
mirror can turn. The outer 
end of the strip is pressed 
gently upwards bv a second 
linger spring. The strip 
has two other small balls 
pressed into holes in it, 
which come opposite the 
rim of the micrometer body 
as shown in the plan view. 

As soon as the rim makes 
contact with these two 
halls, further lowering of 
the micrometer body will 
cause the strip supporting 
the mirror to tilt about 
the fulcrum formed by the 
single ball and thus pro¬ 
duce a corresponding deflection of the mirror. 
This deflection is observed in the usual 
manner by the movement of a spot of light 
on the scale 5 (/'’if/. 152). The magnifica¬ 
tion is considerably increased by obtaining 
a double reflection on the deflecting mirror 
by the use of a narrow fixed mirror placed 
just in front of the lirst (a scheme which was 


turns. The magnification obtained on the in¬ 
strument is 1000 to 1, which is very suitable 
for workshop measurements. ’Phis particular 
type, of indicator is free from lag or backlash, 
and setting can be repeated to 00000] in. 

The machine can be used for measuring 
dificivmes within the 1 in. range of the 
micrometer, using the indicator as a zero 
setter and bringing the spot 
of light to the same mark 
on the scale for each setting. 
By suitably dividing the 
scale, differences up to 0-002 
in. can be read off direct 
without making use of the, 
micrometer screw, which 
would be kept at a con¬ 
stant reading during such 
comparisons. 

The instrument, can be 
very quickly ' hanged over 
from inch to metric meas¬ 
urements by removing the 
inch micrometer head and 
substituting one of metric 
pitch. 

The machine is made by 
Messrs. Reid Bibs., under Patent No. 114,702. 

§ (70) Tksts ok Mkasukino M.yoji inks.- 
Tim main points which require attention when 
testing measuring machines are as follows: 

(i.) Accuracy of surface of bed. 

(ii.) Flatness and parallelism of measuring 
faces; squareness of faces to axis 
of machine. 
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(iii.) Calibration of micrometer screw. 

(iv.) Sensitivity of indicator. 

(v.) Calibration of scale. 

(i.) Surface of lied. —The importance of the 
straightness of the bed in machines where the 
scale is not in line with the axis of measurement 
has already been emphasised (see § (17), III.). 
In such eases sufficient accuracy is hardly 
obtained by the ordinary straight-edge test, 
and it becomes necessary to make a more elabo¬ 
rate investigation, using an autoeollimating 
telescope and a mirror. Bi icily, this method 
consists in mounting a mirror on either the 
head stock or tailstoek (whichever moves), so 
that its face is perpendicular to the axis of the 
bed, and fixing a telescope opposite the mirror 
with its axis parallel to that of the bed. When 
correctly adjusted, an image of the cross wires 
of the telescope will be seen in the rye-piece. 
The carriage supporting the mirror is then 
moved slowly along the bed, and if the latter 
is not straight the carriage will tilt slightly 
and give rise to movements of the image of 
the cross wires in the telescope. The amount 
of angular motion of the carriage can be 
readily ascertained if the movement of the j 
image is measured with a micrometer in the 
eye-piece of the telescope. 

(ii.) The Measuring Faces. —The flatness of 
the faces is investigated most readily with an 
optical proof plane. Want of llatness will j 
be indicated by the presence of “ Newton’s j 
ltings,” and an estimation of the error can \ 
be made by noting the number of rings which ! 
occupy the area of the face. The faces j 
should, if anything, be slightly convex. Hy j 
careful lapping it is a fairly easy matter to i 
make them fiat to within 0-00001 in. The ; 
parallelism is tested by making a number of ! 
measurements on a ] or jj in. steel ball, when j 
placed in different parts of the faces. For j 
this purpose it is useful to j 
solder the ball on to the end j 
of a short rod as shown in j 
Fio. 154. fig. 154. A flat is made on ! 

the handle, which is always 
kept in one position, either vertical or hori¬ 
zontal, in order to confine the measurements 
to one diameter of the ball. 

Although the faces may be parallel they ! 
may both la* inclined to the axis of the bed j 
of the machine. Such a defect would produce | 
an error when comparing a flat-ended gauge 
with one having spherical ends, both gauges 
being supported. In order latest the square¬ 
ness of the faces it is necessary to have an 
end gauge with flat faces which are accur¬ 
ately perpendicular to its axis. The gauge is 
mounted in the machine on a pair of supports 
which arc adjusted vertically and transversely 
until the body of the gauge lies accurately 
parallel to the bed, as tested with a surface 
gauge and indicator. The end faces will 


then bo square to the hod in both directions. 
A test of the parallelism of each contact 
face with the corresponding end face of 
the gauge is then made as before by taking 
measurements with a hall at each end of the 
bar in turn. 

(iii.) The Micrometer .—The accuracy of the 
readings of the micrometer screw is tested 
most readily by taking a series of measure¬ 
ments on a number of standard slip gauges 
whose sizes are accurately known. The test 
should lirat be made using a series of gauges 
which*differ in turn by an amount equal to the 
nominal pitch of the micrometer screw, or some 
complete multiple of it. Such readings, when 
properly corrected for the errors of the gauges 
themselves, will give a test on the progressive 
error of the screw. !t will usually be found 
that the total progressive error docs not 
exceed 0-0001 in. over a range of 1 in., and, 
provided the error is of a fairly uniform 
nature, it is hardly necessary to apply any 
correction in the ease of comparative measure¬ 
ments where the difference between the 
standard gauge and the unknown gauge docs 
not exceed 0T in. 

A more troublesome error, and one which 
frequently occurs, is that which arises from 
lack of squareness of the thrust collar of tin*, 
micrometer screw and the abutment plate 
with respect to the axis of the screw. Refer¬ 
ring to Fig. 155, which shows the micrometer 
spindle in two 
opposite posi¬ 
tions during a 
revolution, it 
w i! 1 he seen that 
the spindle has 
moved axially 
an amount e, 
equal to the 
error in the 
squareness of 
the thrust face 
which is the 
more nearly 
accurate of the 
two surfaces. 

This end move¬ 
ment is re¬ 
versed during 
the second half of the revolution. Conse¬ 
quently, throughout its run, the micrometer 
spindle experiences an oscillatory axial move¬ 
ment which is repeated at every revolution, 
and which can Ik: represented by the ordi¬ 
nates of a sine curve, the periodicity being 
equal to the pitch of the screw. 

In order to test for this periodic form of 
error, a series of gauges should be chosen 
so that a number of readings can be obtained 
within a range of one revolution of the 
micrometer, e.g. if the pitch of the screw is 
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O-Ofi in. the gauge's could be made to differ 
1)V 0-01 in. in turn, so as to obtain 5 readings 
over a revolution. The test should be repeated 
over several revolutions in different, parts 
„f the screw. The diagrams in bi<j. lob 
represent actual calibration curves obtained 
for a micrometer screw having a pitch of 
0-05 in. Tile upper curve shows the results 
„f measurements made at every 01 in. along 
the screw, from which it will bo noted that 
the progressive error is within 0-00004 in. 



i too Reading o 
• Wheel 


- - 1 Pitch - 

(—0 05 inch) 


The lower curve gives the corrections to t 
he applied to the readings on account ot 
periodic error, which amounts to I OOPOO'T. ; 1 
in. The curve docs not follow exactly a I 
theoretical sine curve probably owing tn j 
observational errors. 

(tv ) 77»: Indicator .—The indicator should j 
|*. tested initially by taking a number of , 
settincs on the same gauge, ami noting the 
accuracy to which the readings agree I he 
effect ‘'f relatively fast and slow settings should 
also be tried. A lest for “ stickiness can 
be obtained by making a setting am then 
giving the whole machine a. series of Jins, 
if the indicator lias considerable friction m 
its mechanism, the effect will be to make a j 
distinct change in its indication. 

The sensitivity of tlie indicator is tested hv 
noting the change produced in its indication 
by a known difference in the imer.muter i 
readmit Tim magnification of the indicate* 
should’lie at least equal to that of the micro¬ 
meter screw and wheel. 

(v.) The .SV«fc.-To calibrate the scale it 
should lie removed from the machine, and the 
distance between its various graduations com¬ 
pared with standard scales by the methods 
referred to under “ Une Measures. 1 he scale 
should then be replaced on the machine 
and measurement made on a number of 
standard end gauges of known length, using 
the calibrated values of the scale. « the 
measured lengths of the gauges, after making 
the various corrections for temperature, etc., 
do not agree with their accepted lengths, it is 
probable that either the bed of the machine 
is ill error, or the scale has been strained 
in fixing it to the machine. 


VI. GAIIflF COMl’AKATOIl* 

S (SO) PuKsTWK'lf I'i.iuii <;Ai’<:I'.. -Designed 
and ninnufaet tired by Messrs. .1. A. lVcstwich 
& Co., J,til., ..doll. . ,r- 

r rhi» form of comparator is shown m J* t'J- lo <* 
it consists <>f a solid base having an anvil piece 
ft and carrying 

a vertical bar () Jpil 

iit the roar, on ffijm 

which the indi- 

cator mechanism , KM. 

j is ^supported. 

I chainbor A, Xll|l|L_ 

having a flexible F ~V 

diaphragm B at Bl_ 0 

the under side KD 

1 ( he i'/iii t .let face — 

1 j being magnified JW 

\ I approximate!;, in 
ii j the ialio of the 

, | sectional areas of the chamber A ami the lube 
„ i o. In practice this magnification vane* m 


different, instruments from 500 1" 1-00 accord- 
in«£ to the accuracy desired. 

The neck of the chamber A has a micro- 
meter thread of short range, and the upper 
surface is graduated round the periphery » 
indicate thousandths of inches. I lie lieight 
„( the fluid column can be read against a 
metal scale 0, graduated to read to ten- 
thousandths of an inch, according to the 
magnification of the particular instrument. 
When testing work between limits, the instru¬ 
ment is first, adjusted roughly by lowering the 
indicator by means of the rack and pinion 
motion on the supporting bar, until the face 
comes in contact with a setting gauge, or a 
standard piece of work placed on the anvil. 
The final adjustment is made by means of the 
micrometer screw. The two index points H 
ami .1 are then set to correspond with the 
prescribed limits. The various pieces of 
work are then passed through the machine 
! in rapid succession, and it is noted whether 
1 the height of the fluid column does, or does 
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not, arrive between the two points in each 
case. 

The instrument is somewhat susceptible to 
temperature fluctuations as it acts much the 
same as a thermometer, the effect being to 
change the zero setting. To overcome this 
difficulty, a third point K is set initially 
opposite the normal fluid level when the 
Contact face i.) is free. The position of this 
point is then cheeked periodically, and if it 
is found that owing to temperature effects 
the setting is no longer correct, the carrier 
L<\ which suppoits the three index points, is 
moved bodily by the 
thumb nut S so as to 
restore the setting. 

The instrument is 
accurate and rapid in 
use, and can he made 
to serve a variety of 
purposes by provid¬ 
ing suitably shaped 
anvils K. 

§ (81) Thk Hirtii 
“Minimkter.” —This 
instrument, which is 
made by the New 
Fortuna Machine 
Ltd., Bristol, is a 
form of gauge com¬ 
parator where the 
differences arc read 
direct on a graduated scale. Fig. 158 shows one 
type of the complete apparatus for the com¬ 
parison of end gauges. It consists essentially 
of a base to which is fixed a stiff vertical 
post carrying two brackets, the upper one of 



Fiu. lath % 

which supports the measuring head and the 
lower one the table on which the gauge rests. 
The brackets can be clamped at any convenient 
height on the post to accommodate different 
size gauges. The table has in addition an 
adjustment in the vertical direction by means 
of a fine pitch screw. The measuring head is * 


provided with a trigger for raising the contact 
point when inserting the gauge. 

A special type of stand for use in comparing 
plugs is shown in Fig. 159. In this case the 
measuring head is held in an inclined position. 
The plug to be measured 
rests on two parallel 
cylinders fixed to the 
edges of two blocks, one 
of which is placed oppo¬ 
site the measuring head, 
the other being movable. 

The position of the latter 
is set against a scale to Fig. 100. 

ensure, that the axis of 

the measuring head always passes through the 
centre of the plug. The arrangement is shown 
diagram matieally in Fig. 100. Various other 
types of stands are made for adapting the 
measuring head to special uses. 

A sectional view of the measuring head is 
shown in Fig. 1(51. The principle of operation 



will he understood from the diagram to the 
right of the figure. A block, 2, which has vccs 



Fig. 158. 
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out in its upper and lower faces, i§ held between 
two knife-edges, the upper one of which, 3, 
is fixed, whilst flic lower one forms the top of 
the measuring plunger 1. If fhe latter is 
moved upwards, the block 2 will be tilted and 
the amount of movement of the plunger will 
he indicated on the scale in the upper part 
of the instrument, the magnification being 
equal to the ratio of L to l. The magnification 
can be set to any desired figure by varying the 
short arm l of the lever. This is accomplished 
by adjusting the lateral position of the small 
block (i relative to the main block 2 by Tneans 
of the two screws 7. The upper knife-edge 
3 is in the form of 
a prismat ic - shaped 
steel piece which ob¬ 
tains its almtincut 
against, the stop 4, 
fixed to the body of 
the inst rument. The 
knife-edges and vees, 
which are all glass- 
hard, are kept in 
contact hy the ten¬ 
sion spring S, which 
prevents any back¬ 
lash in the move¬ 
ment. The. whole 
mechanism is en¬ 
closed in a dust-tight 
steel tube, l in. 
diameter by about 
(i ill. ill length, the 
upper end being pro¬ 
vided with a glass 
winded in front of 
the index point and 
scale. The magni¬ 
fication is set in 
dilferent heads so that the divisions of the 
scale indicate. 0-001, 0-0005, 0tK)02o, or 
0-0001 in. The range of the instrument, is 
about twenty-live divisions. 

$ pS2) Sricoi a i. End Mrahukinc Orj- 
par at* in. ni>' I lien Sensitivity. —Special! 
comparators have been designed at tin- j 
National Physical Laboratory with the 
primary object, of dealing with slip gauges 
where the tolerances allowed are of an order 
of only i; 0-00001 in. This figure necessitates 
being able to make a comparison between ail 
unknown gauge and a standard gauge of the 
same nominal size to an accuracy of about 
4- one-millionth of an inch. 

The first comparator for this work was 
designed by Mr. E. M. Eden in October 1918, 
and was made at the Laboratory. This 
experimental machine was fully described in 
Machinery of .January 8, 1920. The. magnifica¬ 
tion obtained was approximately 18,000, so 
that a difference of 0-00001 in. between two 
gauges was recorded by a movement of the 
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image of a cross-wire of nearly 0-2 in. This 
machine gave satisfactory readings to the 
millionth of an inch. 

One of the measuring faces had a hardened 
steel ball soldered in the centre and the other 
had three equal balls also soldered on in 
mutual contact in the form of a triangle. 
This type of contact faces simplified the design, 
but, on the other hand, the machine could 
only be used for Hut gauges. 

A more elaborate machine was designed by 
.Mr. J. E. Sears in April 1919 on somewhat the 
same lines as the earlier machine, hut it is 
more generally useful since it has a pair uf 
Hat parallel measuring faces. The capacity 
of the machine is from 0 to 4 in. 

(i.) General ArnuKjcrne.nl .—In both types of 
machines one of the measuring faces is held 
rigidly while the other is brought up into con¬ 
tact with the gauge by the action of a weight 
which produces an elastic deformation of 
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certain parts of the machine. This deforma¬ 
tion is magnified hy incvhauieal and optical 
means and is recorded by the movement of the 
image of a cross-w ire on a scale. 

A diagrammatic view of the later form of 
machine is shown in b'ij. K»2. 

The hed of the machine carries two head- 
stocks which are securely screwed down in 
position. The right-hand headstock 2 carries 
a plunger 3, 1.J in. diameter, which is lapped 
to he a good sliding lit in the bore and which 
can be held in position by two locking screws. 
The face of this plunger, which is .{ in. dia¬ 
meter, is lapped in a special jig to ensure it 
being quite flat and square to the axis of the 
plunger. The base of the left-hand headstock 
4 is screwed to the bed and supports a barrel 5 
by means of flexible steel strips fl at each end. 
This method of support allows the barrel to 
move slightly backwards and forwards in a 
direction parallel to the bed, its axis mean¬ 
while remaining always parallel to itself. 
The barrel is bored to carry a spindle 7, the 

2 c 





GAUGES 


386 


right-hand end of which forms the second 
measuring face of the machine. The spindle 
has a sphcrical-shftped collar at the right-hand 
end which rests on a bevelled facing at the 
end of the barrel, the contact being maintained 
by a spring placed inside the barrel. The 
latter is bored to clear the spindle, the tail 
end of which is held between the points of 
two pairs of set-screws 8 placed at right 
angles and screwed into tongues at the roar 
end of the barrel. By adjustment of those 
set-screws tho spindle can be tilted on its 
spherical seating' until the two measuring 
faces are brought accurately parallel. As 
the faces are required to be parallel to an i 
order of a millionth of an inch, this adjustment 
needs to be very sensitive, and is provided for j 
by the springing action of the four tongue- 1 
pieces in which the set-screws were mounted. 

The pressure between the measuring faces 
is derived fiom weights 0, suspended by a rod 
hanging in a recess in tho bed. This force is 
transmitted to the barrel by two bell-crank 
levers 10, placed one on each side of it. 'The 
working pressure <>f the machine can bo 
readily adjusted to any delinite figure by 
varying the amount of the suspended weights. 

To open the measuring faces for inserting 
a gauge, the barrel is moved slightly to the 
left on its flexible supports by means of a 
lever attached to the left beads!ock. This 
lever is connected to a spindle carrying an 
eccentric disc which operates on a stop fixed 
to a lower part of the barrel. (The lever is 
not shown in the diagram.) Having inserted 
a gauge, the lever is turned t<» disengage the 
eccentric and the left-hand measuring face is 
automatically brought in contact with the ! 
gauge by the action of the weights, with the ; 
result that the gauge is held suspended between : 
the two faces. 

(ii.) Indicator .—When comparing two gauges 
of approximately the same size, they are in¬ 
serted in turn between tho measuring faces, I 
as just described, and it is the function of j 
the indicating gear to register the relative j 
displacement between the two settings of the 
left-hand measuring face or the barrel to which 
it is fixed. 

This indicator gear magnifies tho small 
displacement partly by mechanical and partly 
by optical means. Tho mechanical part is 
performed by a 10 to 1 bell-crank lever 11. 
This lever is not supported on pivots, which, , 
however well made, would introduce some ; 
degree of friction or backlash, but has a virtual ; 
axis of rotation formed by the line of inter- [ 
section of the planes of two pairs of steel 
strips 12, one pair horizontal and the other 
vertical, which are fixed to the lever and to 
lugs on the base of the left headstock. (Tho 
perspective view of the machine makes this I 
arrangement clear.) The short arm of the 1 


lever, which is vertical, is furnished with a 
hardened steel ball point which rests against 
a fiat hardened steel stop 13 projecting from 
the base of the barrel. Tho face of this stop 
is arranged to he vertically above tho virtual 
axis of the lever, so that no sliding (with 
consequent friction) hikes place at this contact 
for small movements of the barrel, the motion 
being wholly of a rolling nature. It might he 
mentioned that the correct functioning of 
the machine depends largely upon the 
method adopted for supporting this lever 
and the arrangement of its contact with 
the barrel. 

The longer arm of the lever is horizontal, 
and the vertical motion of its end is transmitted 
lo a tilting mirror 14. To prevent undue 
straining of the suspension springs of the 
lever, its motion is limited by two stops as 
shown in the diagram. The mirror, which 
consists of a plano-convex lens of approxi¬ 
mately 80 in. focal length with the lower 
plane surface silvered, is fixed lightly to 
a thin brass disc, about J in. diameter. 
Three ^-in. steel balls arc soldered to the 
base of this disc, the middle one being approxi¬ 
mately 0-1 in. off the centre line of the two 
outer ones. The middle ball rests between 
two Arim diameter cylinders fixed horizontally 
to the end of the 10 to 1 lever with their axes 
parallel to the lever, and the outer ones arc 
supported in a similar manner on brackets 
fixed to the base of 
the heads! ock. Tho 
arrangement is shown 
in Fig. 103. The 
mirror and brass plate 
are made as light as 
possible, and the balls 
and cylinders on which 
they rested are highly 
polished so as to re¬ 
duce the friction to a 
minimum. When in 
vao the mechanism of 
the left headstock is protected from dust by 
an aluminium hood which fits over it. 

A 100-c.p. “ Pointolite ” lamp in a special 
holder 15 ( Fig. 102) is supported from the wall 
above the mirror. The lamp is provided 
with a condenser, by means of which the 
beam of light can be focussed on the small 
lens-mirror after passing through a small 
window in the hood. A fine wire is stretched 
across the front of the condenser and the 
lent mirror forms an image of it, which, after 
reflection from a fixed mirror 10 placed above 
the machine, is brought to a focus on an opaque 
scale 17 placed at the rear of the machine. 
As the height from tho lens-mirror to the fixed 
mirror is ft., the total length of the optical 
lever is 132 in. The short arm of the optical 
lever is equal to the distance between the small 
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balls on the back, which is 0*1 in. The total 
magnification is thus equal to 


i.e. 2G,400. 

The last factor 2 is introduced to take account 
of the fact that the reflected beam of light 
turns through twice the angle of tilt of the 
lens-mirror. The result is that a displacement 
of the left measuring face of one hundred 
thousandth of an inch gives rise to i movement 
of the cross-wire on the scale of approximately 
0*25 in. 

The main divisions of the scale are set out 
by measuring standard slip gauges differing 
in size by 0 0001 in., these main divisions being 
afterwards divided into ten parts to represent 
0 00001 in. 


To use the instrument, the level is allowed 
to rest on the two gauges ami the position 
of the bubble in the tube is noted. The level 


5/ 
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It is found that the machine will repeat its 
readings to within one-tenth of one scale j 
division, i.e. to one millionth of an inch, but j 
to obtain such repetition extreme care has • 
to he taken with regard to the cleanliness of \ 
the surfaces of the gauges and of the mcasur- 1 
ing faces, and uniformity of temperature of j 
the gauge and the machine. 

§ (Nil) The “Level" Knd-oafok Com- j 
tarator. —This machine was designed by ; 
Mr. A. el. ('. Brookes of the National Physical i 
Laboratory in 1918, and is the subject of : 
Patent No. 190248. Its function is the accurate ! 
comparison of the lengths of flat-ended length 
gauges. The design of the machine is such that 
it will deal either with thin slip gauges of the , 
Johansson type or end gauges of bar form up 
to »> ft. or mure in length. Canges which do 
not differ in length by more than one or two 
ten-thousandths of an inch can lx* compared 
to an accuracy of about one-millionth of an 
inch. 

(i.) Cenernt Principle.- The scheme of this | 
comparator is based on the use of a sensitive j 
spirit-level. The essential parts of the machine j 
are indicated in Fit/. KM. The cast-iron bed I 
has its upper surface linished accurately flat, i 
and on this surface rests a circular plate 2, ' 
the. upper and lower faces of which arc accur- ; 
ately linished both for flatness and parallelism, j 
A central spigot on the. base acts as a register 
for the plate. By virtue of the extremely 
high accuracy attained in the parallelism of 
the two surfaces of the plate, its upper sur- j 
face remains parallel to its original position ; 
to within very line limits when the plate is I 
revolved. The two flat-ended gauges to be j 
compared, CJ, and (L, are wrung on to the plate 
side by side. A sensitive spirit-level 4 has j 
a steel block f> attached to it as shown. Three 
steel halls are soldered to the base of the ! 
block, two at one end and one at the other, so 
as to provide a three-point support for the 
level-tube. 


is lifted off and the plate 2 carrying the gauges 
is rotated through 180’. The level is again 
placed on tin* gauges (without being turned 
end for end), so that the right-hand hall now 
rests on G, instead of (J,,, and the position of 
the bubble is again noted. 

Now, since the surface, of the plate does not 
deviate from its original plane during the 
rotation, the process of turning the plate 
through 180 is equivalent to interchanging 
the positions of the two gauges on the plate 
with the latter kept in its first position. If the 
two gauges are not. of equal length, then the 
position of the bubble in the level-tube will 
differ after the plate has been revolved. .More¬ 
over, it should be noted that the effect of 
interchanging the gauges with respect (<> the 
level-tube is to tilt, the latter through an angle 
equal to twice the difference between the 
lengths of the gauges divided by the longi¬ 
tudinal spacing of the balls on the base of the 
level. Assuming then that the calibration 
of the scale on the level is known with refer¬ 
ence to the particular spacing of the balls, 
the difference between the gauges is obtained 
by halving the travel of the bubble. The 
sign of the difference is readily obtained by 
noting in which direction the bubble moves 
after the gauges have been interchanged. 

It. should be appreciated that it is not 
necessary for the surface of the plate 2 to be 
level. It is convenient, however, to adjust 
it by means of the levelling screws 011 the base, 
so that if the level-tube is allowed to rest on it, 
the position of *the bubble is fairly central. 
This adjustment provides that the two 
positions of the bubble, when measuring, shall 
be approximately equidistant from the centre 
of the tube. 

(ii.) Scnnitiritp. -The accuracy to which 
comparisons can be made depends upon two 
factors—the radius of curvature of the level- 
tube and the spacing of the balls. With 
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regard to the former, it is possible to obtain 
ground level-tubes uj> to a radius of 800 ft. 
It has not been found necessary, however, to 
resort to a radius of more than f>00 ft. to obtain 
sufficient sensitivity. Such a tube, with the 
balls spaced at 0-7-in. centres, gives a mag- 
nifieation of about 17,000 in the reading. The 
latter figure takes into account the doubling 
effect produced by rotating the plate carry¬ 
ing the gauge. If the spacing of the halls 
is reduced to 0*35 in., which is permissible 
when dealing only with block gauges, then 
the magnification reaches about 31,000. 

It often happens that, even with level 
tubes which have been ground internally, 
the radius of curvature is not uniform along 
the tube. It is necessary, therefore, to test 
level tubes before making use of them in this 
apparatus. 1 

The accuracy of the results obtained from 
the machine can he made independent of any 
effect arising from slight lack of parallelism 
of the upper and lower faces of the rotating 
plate by adopting the following procedure. 

The gauges are wrung down to the plate and a pair 
of readings obtained ns indicated in (i.) above. The 
positions of the gauges on the plate are then inter¬ 
changed and a second pair of readings obtained. The 
mean of the distances through which the bubble moves 
on the two occasions is a measure of the difference 
between the gauges, quite apart from any error which 
may exist due to rotation of the plate. This error 
can he determined by taking readings of the level 
wli'-n it is allowed to rest directly on the upper surface 
of the plate, which is rotated between the readings. 
With a plate which has just been trued tip the error 
does not usually amount to more than a millionth of 
an inch over a 0-7-in. span. Cast-iron plates, how¬ 
ever, even after heat treatment and ageing, have 
been found to warp to some extent, and. to obtain the 
beat results, it is necessary to true up the faces 
periodically. 

The upper surface of the base and the lower 
surface of the plate are finished by lapping, and, 
in order that the latter shall revolve freely, 
the interface is liberally lubricated with 
paraffin. It has been found that even when 
a comparatively large amount of paraffin 
is present between tin* surfaces, the liquid ■ 
distributes itself as a film of uniform thick- ! 
ness, and the accuracy of the rotating plate j 
is unimpaired. 

(iii.) Mechanical A rranyemc.nl *.—The general 
arrangement of the machine is shown in 
Fiy. 165. The bed plate 1 carrying the rotating j 
plate 2 rests on a stiff bracket .3 bolted to a 

1 A description of an Instrument designed for cali¬ 
brating ir\el-tubes will be found in the Annual 
Report tor H>20of the National Physical Laboratory i 
(published by H.M. Stationery Office). For ordinary 
purposes, where level-tubes are used merely as in¬ 
dicators -the bubble always being brought to the 
central position—it is not essential that the radius 
should be uniform. (See. also “Spirit-Levels,” by 
E. O. Henrici, Trans. <)j>t. Sor., Dec. 1918.) 


wall. The measuring head 4, which carries 
tho level-tube, is in the form of an inverted T, 
tho vertical arm of which slides in a tube 8. 
The latter is supported horizontally by two 
rods from a crosshead pieec w 9, which can he 
i damped at any desired height on the bar 5. 
The lower end of this bar rests on the bracket 
3, whilst its upper end is hold by set screws in 
; a bracket 10 bolted to the wall. The level- 
tube is supported inside the horizontal brass 
tube forming the lower part of the T-piece 4. 

' This fyrass tube can he moved longitudinally 
i with relation to the vertical part of the T by 
means of tho traversing spindle 7. The whole 
of the T-piece and measuring head can he 
moved in a direction at right angles to the 
wall by a rack and pinion motion on the 
rods which pass through the emsshead and 
which support the tubular piece 8. The 
milled head for this traverse is shown at 11. 
Finally, the T-piece can he raised or lowered 
in the tube 8 by turning the milled head 6. 
Thus it will he seen that Ihe measuring head 
can be moved longitudinally, transversely, 
and vertically. The latter motion allows the 
level-tube to he lowered into its working 
position on the gauges when it is desired to 
take a reading, or to raise it up clear when the 
plate carrying the gauges is to he revolved. 
The horizontal motions permit the feet of tho 
level to he brought into contact with the 
upper surfaces of the gauges in any desired 
positions. 

(iv.) Setting of Level-tube in Measuring 
f frail. — 1 The arrangement of the measuring 
head must he such that when the feet of the 
level-tube are resting on the gauges the tube 
must he. quite free to take up its natural 
position, depending only on the relative 
heights of the upper surfaces of tho gauges. 
The method of supporting the level-tube in 
the horizontal tube of the measuring head is 
shown in Fig. 166. Tho tube 1 is lirst placed 
inside an aluminium sleeve 2, which lias a 
hush at each end bored so as to he. an easy 
fit on the glass tube. The tube is lixed in 
the sleeve by packing soft wax round the 
hushes. The distance between the hushes is 
such that the level-tube is supported approxi¬ 
mately at the 'Airy points,’' so as to mini¬ 
mise distortion. The feet of the level consist of 
two steel balls soldered into a steel block 3, 
which is attached to the under side of the sleeve 
by two finely threaded screws. A piece of 
steel wire is clamped transversely between 
the top of the block and the sleeve, and by 
adjusting the two screws, f he angular position 
of the block 3 can he set with respect to the 
level-tube so that the bubble of the latter is 
approximately central when the feet rest on 
a horizontal surface. The sleeve containing 
the level-tube, is enclosed in a brass tube 4, and 
is supported, when not in use for measuring, by 
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the two adjustable screws 5. Apertures are I the lowering is continued until the level is 
left in the upper part of tube 4 for viewing | freed from the supporting screws 5 (t ig. 100). 



I nr lies 

'L. L. . i s . 

Kiu. ]<>:>. 


the bubble. The tube is 
falling sideways by the pill 
sleeve, this pin being 
guided between two 
parallel wires otf the 
tube 4. 

The tube 4 forms 
the horizontal portion 
of the T - piece re- 
ferred to in (iii.) 
above and shown in g 
Fig. 105. When it is x 
required to bring the 
level tube into the 
measuring position, 
the measuring head 
is lowered by means 
of the knurled head 0 (F 
ball feet come in contact 


i prevented fr..m I The level-tube now rests freely on the two 
0 attached to the gauges, the only constraint being in the 

lateral direction from 
( 2 ai| * tiio pin 0 between its 

\ \ _ / guides. Since the pin 

~is a free lit between 

r I k.--[H the latter, the level is 

1 _ t'........... . . ... -IJ J at liberty to set. itself 

1 , 1 ^• in accordance with the 
5 / <| 3 5 relative heights of the 

"6 tipper surfaces of the 

* two gauges. To re- 

I f l) Cross Section at A B move ’ tl.e level from 

%v># (Enlarged) ‘ho (rouges the 

measuring head is 
Via. Hit*. raised and the level- 

tube is picked up on 

'ig, lho) until the I the screws 5, and it can be lifted completely 
with the gauges ; | clear of the gauges. 
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It should be noted that it is no longer 
necessary to have two balls at one end of the 
block 3 since the pin C> prevents the level tube 
from falling over sideways when placed on the 
gauges. 

(v.) Measuring Scale. — A special device 
(due to Mr. E. M. Eden) is used for noting 
the position of the bubble relative to the 
tube when taking measurements. It was not 
convenient to have a scaie engraved on the 
upper surface of the level-tube, since the 
divisions have to suit both the actual radius 
of the tube and the distance between the 
centres of the ball feet. Th" method adopted 
to obviate this is shown in Fig. 107. A strip 
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of glass, w hich is silvered longitudinally only 
over the lower half, is supported at an angle 
above and slightly to the rear of the tube, ! 
so that its surface is parallel to the axis of the 
latter. A scale is placed behind the glass 
as shown. The distance of the scale from the 
glass and the angle of tilt of the latter are 
adjusted until an image of the bubble is seen 
superimposed on the lower half of the scale, 
both being in the same plane, i.e. there is no 
parallax between the image and the scale. 
The appearance when looking into the glass 
is shown in the front view of Fig. 197. When < 
taking a reading, the position of the extreme j 
end of the bubble is noted against the scale. | 
Only one end of the bubble is read. The j 
glass and scale are held in a suitable fixture i 
which slides over one end of the tube 4 in : 
Fig. lfifi. 

(vi.) Calibration .—Having chosen a level- 
tube of uniform radius whose approximate j 
magnitude, in conjunction with the spacing = 
of the ball feet, gives a suitable magnification, 
it is necessary to determine the spacing of ; 
the divisions of the scale so that it will read 
direct to, say, hundred-thousandths of an < 
inch. 

A pair of gauges differing by about 0 0001 . 
in. is wrung on to the rotating plate of the 
machine. The difference between the gauges 
must be known beforehand to an accuracy 
of one-millionth of an inch. Using a prelimin¬ 
ary scale divided into tenths of inches, two : 
readings are obtained on the gauges, one 


before and one after rotating the plate. 
Suppose that the total distance traversed by 
the bubble between the two settings, per 
0 0001 in. difference between the gauges, is 
1-80 in.; a scale would then be drawn out 
having an over-all length of 1-80 in. and 
divided into 20 parts. This scale would bo 
substituted for the preliminary scale and its 
divisions would indicate differences of hundred- 
thousandths of inches, bearing in mind that 
the difference becomes doubled when the posi¬ 
tions of the gauges an interchanged. 

This' machine has one great advantage 
over other comparators of different design. 
When com paling two gauges, the measure¬ 
ment which gives the difference is made simul¬ 
taneously on the two gauges, and if during this 
measurement the gauges are affected thermally 
by the presence of the observer, the effect 
on the two gauges should be the same. It is 
unnecessary to handle the gauges during the 
comparison even with insulated clips, the 
procedure being to set them up together on 
the plate and allow time for the dissipation 
of the heat due to handling before a. measure¬ 
ment is made. 

Another very valuable feature of this 
machine is the facility with which long, fiat- 
ended gauges can he compared. The com¬ 
parison of a pair of 30-in. gauges can be made 
with practically the same accuracy as when 
dealing with a short pair. When measuring 
fairly long, flat ended gauges in a horizontal 
type of measuring machine or comparator, 
it is most important that 
the supports used should 
be adjusted so as to 
bring the axis of the bar 
parallel to that of the 
machine. In the level 
comparator, supports are 
no longer required, and 
the, possibility of errors 
arising from their use is 
eliminated. 

§ (84) Dial Indica¬ 
tors. —This type of com¬ 
parator or indicator is 
to be found in common 
use in workshops. It 
consists of a measuring 
head which can be used 
for a variety of purposes 
by adapting it to suit¬ 
able fixtures. One form 
of the complete instrument as made by Messrs. 
!i. 0. Ames is shown in Fig. 108, where the 
measuring head is arranged on a bracket over 
a small horizontal table, on which the pieces 
to be measured are placed. The height of the 
table is adjustable within the range of tho 
pillar. Th** range of tho measuring spindle 
is about | in. and the particular instrument 
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shown has 100 graduations round the dial, 
each representing 0 001 in. Most indicators 
are graduated to this figure or in metric units 
to 0 01 nun. They are also made, however, 
to read direct to 0*0001 in. 

The internal mechanism consists of a rack 
cut on the measuring spindle which operates 
a train of gears, the last wheel of which is 
connected direct to the spindle carrying the 
needle pointer. The spindle is pulled down 
by a spring, and backlash in the gears is pre¬ 
vented by the action of a hair-spring connected 
to a separate gear, which is not included in 
the train, but which meshes with one of the 
pinions. 

The accuracy of these indicators depends 
upon the precision of the rack and gear wheels. 
In some makes they cannot be relied on to 
better than I division when used over a range 
of more than a few divisions. 
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VII. Workshop M i:\smu no 1 nstrumknts 

§ (85) Kxteknal Micrometer Calipers.— 
These^instruments usually take the form of a 
bow frame, one arm of which is fitted with an 
anvil and the other with a measuring spindle. 
The axial motion of the latter is controlled 
by a fine screw-thread working in a nut which 
is held rigid in the frame. Fig. 16(1 shows 
a Brown <fc Sharpe micrometer capable of 
being used for 
' 1 measurements up 
to l in. The 
screw has a pitch 
of 0*025 in. and the thimble 
is divided into 25 parts, each 
of which thus corresponds to 
an axial movement of 0*001 
in. of the spindle. A vernier scale is en¬ 
graved round the barrel to enable readings 
to be taken to 0*0001 in. Bor metric measures 
the pitch of the screw is made 0*5 mm. and the 
thimble has 50 divisions each representing 
0 01 mm. The end of the spindle is hardened 
and its face finished accurately Hat and square 
to the axis. The opposite measuring face is 
formed by a hardened steel stud screwed into 
the bow. Its axial position is adjusted by 
screwing it forward until the two measuring 
faces make contact with the. instrument 
reading zero. A locking screw is provided 
for preserving the adjustment of the stud. 
A clamp ring is lifted to the spindle to fix it 
at any desired reading when it is required to 
use the micrometer as a fixed caliper. 

in using a micrometer, the thimble attached 
to the screw is rotated until contact is made 
between the measuring faces and the object 
being gauged. The amount of pressure exerted 
on the object when making contact depends 
upon the “ feel ” or “ touch ” of the manipu¬ 
lator, and for this reason readings obtained 


by two observers on the same piece may differ 
by as much as 0*0002 or 0*0003 in. This 
difference in measurement is avoided if each 
observer takes a preliminary reading on a 
reference gauge of known size and so determines 
the correction to be applied to the reading to 
suit his own particular touch. This method 
of using the micrometer as a comparator also 
enables the errors in the pitch of the screw 
to be avoided almost entirely, provided the 
reference gauge selected is of closely the same 
size as the object to be measured. 

When it is necessary to take rapid measure¬ 
ments of a large number of pieces, the micro¬ 
meter is often fitted with a ratchet or 
friction stop at the outer end of the spindle. 
This device ensures a constant pressure of 
contact. 

The larger sizes of micrometers are usually 
constructed so as to take measurements over 
a range of several inches. The run of the 
measuring head is restricted to one inch, and 
the instrument can be set to suit any particular 
inch range either by fitting a special anvil or 
by adjusting the position of a long sliding 
anvil in a bush at one end of the bow. Refer¬ 
ence end gauges arc used for checking such 
adjustment. 

When using the larger sizes of micrometers 
it is usually found that, owing to lack of 
rigidity of the bow, the delicacy with which 
the contact can be felt is considerably reduced. 
This trouble can be overcome to a large 
degree by using the ratchet stop. Where 
possible, however, it is preferable to use a bar 
type of micrometer, such as is shown in Fig. 170, 



for lengths above about 6 in. This type of 
micrometer, which was designed at the National 
Physical Laboratory, will be. found to be useful 
for lengths even up to 4 or 5 ft. It consists 
of a length of ground rod on which two blocks 
can slide. One of these carries the anvil and 
the other a mjerometer head fitted with an 
enlarged aluminium barrel and thimble to 
facilitate accurate reading. The micrometer 
is used resting on a surface plate, and is 
satisfactorily rigid even over lengths up to 
60 in. 

§ (86) Internal Micrometer Calipers.— 
These instruments are used for measuring 
internal distances between flat. surfaces or 
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the diameters of holes. One type is shown in 
F'uj. 171. It consists of a holder with a micro¬ 
meter screw and thimble at one end and a 
elamp at the other. A number of extension 



Fra. 171. 


hardened base, Hat on the under side. The 
thimble of the micrometer carries a rod which 
passes through and projects beyond the base. 
The rod has a number of groove's spaced 1 in. 
apart, into which the elamp on the thimble 
can be fitted as desired. With a set of such 
grooved bars if is possible to measure any 
; depth up to 24 in. 

! § (88) Vernier Caupkks. —These instru¬ 

ments are used for taking both inside and 
outside measurements. The usual form of 
the cajiper is shown in F'uj. 171. It consists of 
j a rectangular steel bar with an end projection 
j which forms one of the measuring jaws. The 


rods of different lengths are provided ; these 
can be held in the clamp and the instrument 
can be used over a considerable range (8 in. 
to 30 in.). The rods have a number of 
grooves spaced 1 in. apart, and in such posi¬ 
tions that when the jaws of the elamp engage 
with one of them, the size over the extreme 
contact points is an exact number of inches 
when the micrometer head is set to zero. 

The contact points are hardened 
and slightly rounded for meas¬ 
urements of holes. 

Another type of micrometer 
for the measurement of holes, 
made hv the N’ewall Kngineering 





Fig. 172. 

Company, is shown in Fij. 172. 
This instrument has three 
measuring plungers which slide in radial 
bushes in the body, their inner ends being 
held against t he conical end of the micro¬ 
meter spindle, which is contained in the 
handle. Any rotation of the micrometer 
thimble causes axial motion of the spindle, 
and this, in turn, gives a radial movement 
to the three contact points. To check the 
setting of such three-point micrometers it is 
necessary to have ring gauges of known size. 

The system of three-point measurement is 
not suitable for detecting ellipthity in holes. 

§ (87) Depth Micrometers.— This form of 
instrument is intended for the measurement 


Fig. 173. 

of depths of holes, slots, recesses, etc. It 
takes the form shown in Fi/j. 173, and consists 
of a micrometer head to which is fixed a I 


other jaw is attached to a slide which can he 
moved to any position along the beam, the 
fine adjustment being made, by a thumb¬ 
screw attached to an auxiliary slide. The dis¬ 
tance between the jaws is given by the read¬ 
ing of the scale engraved on the beam. This 
scale is usually divided into 4 ‘ 0 ths of inches, 
and a vernier on the slide enables readings 
to he taken to <MH)l in. In some instru¬ 
ments one side of the beam is engraved 
to read in inch units and the other in 
millimetres. 

The measuring jaws are hardened and their 
inner faces are finished flat and parallel. The 
outsides are rounded for a short distance from 
the ends for purposes <>f internal measurements. 
The thickness of 
the two ends is 
usually made or 
A in., and this 
amount lias to be 
added to the read¬ 
ing when taking 
internal measure¬ 
ments. 

§ (89) Vernier 
If Kin nr Gauge.— 

'Phis instrument, 

F'uj. 175, is used 
for measuring the 
heights of differ¬ 
ent locations on 
jigs, etc., when 
stood upon a 
surface plate. It 
consists of a base 
into which a verti¬ 
cal graduated bar such as is used in the 
vernier caliper is fixed. A slide carrying the 
measuring piece can bo moved up or down 



Fio. 175. 
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the bar, and the reading on the bar gives the j is found to fit. Odd sizes can lie made 
height. ' up by putting two or more blades together. 


§ (90) Surface (Iauuk. -This instrument, 
which is shown in Fig. 170, can be used in 


conjunction with a 
surface plate for test¬ 
ing and marking off 
heights on jigs, etc. 





The point of the 
soriber, which is 
held by the clam]) 
on the post, is set 
to a desired dimen- 



Fm. 178. 


sion by the use of j § (1)2) Screw Pm 
Kiu. 170. a scale stood on ! <,f gauge, shown in 

the surface plate, number of blades, 
This setting is facilitated by a line adjustment the c<lges of which 
of the inclination of the post to the base by are profiled to re- 
the arrangement shown. A vee groove is present standard 
cut in the base to allow the instrument to pitches and forms 
be used shafts and spindles. : of threads such as 

§(Dl) Dial Surface (Iacoe. -This type Whitworth, Sellers, 
of instrument, which is shown in Fig. 177, System Inter- 
consists of a dial indicator attached to a base national. They 


■m (Jauoi:. —This form 
Fig. 170, consists of a 



I'm. 170. 


and used for cheeking heights and various 
locations. The piece of work to be tested is 
placed on a surface plate and the height of 
the dial gauge adjusted to suit the surface to 
be tested. 'The variations in the readings 





FlU. 177. 


atb-rd a- ready means 

of identifying the pitches of screws, nuts, 
holts, etc. 

§ (01) Wire (Uvoe.—T his gauge is used 
for identifying the gauge number of wires, etc. 
A steel plate about A in. thick and of either 
rectangular or circular section, as in Fig. ISO, 



of the indicator when the base is moved to j Fiu. iso. 

different locations give the corresponding = . 

differences in height. has a number of gaps formed in its periphery, 

§(02) Thickness CIaitcje.—T his consists of ; the widths of the gaps being equal to the 
a number of steel blades, usually varying in | sizes represented by the various gauge 
thickness from (MX) 15 to 0-025 in., marked j numbers. The plates are usually hardened to 
with the corresponding thickness in mils withstand wear. 

and arranged in a holder as shown in Fig. § (05) Surface Plates,- These consist of 
I7S. They are used in the workshop plates of metal, usually east-iron, the upper 
mainly by fitters and erectors for determin- surfaces of which are finished Hat. They are 
ing the widths of the gaps which may made in a large variety of sizes and shapes to 
exist between adjacent pieces of work. The j suit different, purposes, the plates are gener- 
blades are tried in a gap in turn until one • ally hollow underneath and are suitably ribbed 
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to prevent undue distortion under the weight 1 the straight-edge and the surface can then be 

of objects placed upon them. i tested for parallelism by inserting slip gauges 

The rougher grade of plate has the surface in various positions, 
simply machined, and the accuracy depends ! Short straight-edges, up to about 0 in. in 
upon the flatness of the ways of the machine ' length, are sometimes made on the “ knife 
used and the coarseness of the cut. The next j edge ” principle. The edge of the bar is 
grade is produced by taking three plates bevelled off and the sharp edge produced is 
which have reasonably good surfaces and slightly rounded. Using such a straight-edge 
scraping their surfaces until they match each in front of a strong light, it is possible to detect 
other in pairs. The quality of the lit between I errors of an order of a few hundred-thousandths 
two plates is tested by thoroughly cleaning of ail inch in the flatness of surfaces, 
their surfaces, supplying a very thin coat of § (97), Squares. —The usual form of engi- 
some form of marking material, such as neer's square consists of a bar, known as the 

Prussian blue paint, to one of them, and then stock, into which a blade is fixed. The edges 
rubbing the two plates together. The points of the stock and blade are accurately finished 
of contact will then be readily indicated on and are made as closely ns possible at right 
each plate. It is impossible to produce , angles. For tool-and gauge-making, where the 
continuous flat surfaces by the process of ; highest accuracy is required, the edges of the 
scraping, and the quality of finish depends j blade are usually bevelled 

upon the proportion of the total area occupied j us shown in Fi<j. 181, and 

by the high places. both stock and blade are 

The highest grade of finish is obtained by j hardened, 
lapping t he plates together by using a special Squares can be tested by 
abrasive between them. Here, again the taking a set of three ami 
plates should be made in batches of three, com [taring them together 
and the lapping should be distributed between in pairs with the stocks resting on a good surface 
the pairs of plates in rotation. By this plate. Another method is to make a reference 
means it is possible to produce surfaces which j square, which consists of a cylinder of east- 
are optically Hat, and which will consequently | iron ground accurately cylindrical and having 
wring together under suitable conditions. j its base linished truly square with its axis. 

§ (90) Str.vioht-kpises. -These consist of ; This is stood upon an accurate surface plate 
narrow bars or plates of cast-iron «»r steel ; together with the square to be tested. The 
whose edges are finished plane. They arc edge of the blade is brought into contact with 
used for testing the straightness of beds of i the cylindrical surface of the block, using a 
machine tools, the alignment of the various . well - illuminated surface us a background, 
parts of machines, etc. When made of cast- ; The square should be tried against the block 
iron the form usually takes that of an arched ! in several positions round the circumference, 
beam. This design gives rigidity and freedom ( and it should he noted whether the error, 
from distortion of the true edge due to the if present, remains constant. If variations 
weight of the beam. Steel straight-edges, on are seen, it indicates that the base of the 
the other hand, are usually made with the top : block is not truly at right angles to the axis 
and bottom edges parallel, and are liable to 
appreciable flexure due to their own weight. 

It is a common practice to make a 72 in. 
straight-edge with a rectangular section of 
3 x J in. which, at first sight, would appear 
to be reasonably deep and strong. If placed 
on edge with a support at each end, however, 
it will he found that the middle sags by 0-0045 
in., and if the two supports are brought close 
together at the middle, the ends will be 
found to droop by 0-002 in. Consequently, 
if the straight-edge were used to test a surface 
either concave up to 0-0045 in. or convex 
up to 0-002 in., the, straight-edge would 
touch the surface throughout its length and 
the surface might be considered to be quite 
good by an inexperienced observer. To reduce 

the flexure to a minimum, the straight-edge ‘ tion between this blade and the edge of the 
should be supported off the surface to be tested ! lower plate can bo varied at will. The angle 
on two equal bloeks, placed symmetrically ; between the two edges can be read to an 
with respect to the bar, and at a distance apart j accuracy of 5 minutes of are on a circular scale 
equal to 0-55 of its length. The gap between 1 engraved on the lower plate. A small pinion. 


| of the cylinder, and the block should be 
i corrected before being used further. 

| § (98) Angle-measuring Instruments.— 

j Thfcre are various types of instruments used 
| for measuring 
| angles in the 
j workshop. One 
: of the common- 
j est, the bevel 
. protractor, is 
| shown in Fvj. 182. 
j Jt consists of a 
plate, the lower J82. 

edge of which is 

straight, and which carries a pin on which 
a second plate can revolve. The latter plate 
I carries a straight-edge blade, and the inelina- 
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which engages with teeth on the upper plate, I 
is provided for making line adjustments of the j 
angular setting. 

Another type of instrument, which was 
designed at the National Physical Laboratory, 
is made on the principle of the clinometer 
and is shown in Fig. 183. It resembles the 



Fin. 183. 


bevel protractor in having two plates, but the j 
upper one, instead of being provided with a j 
straight-edge, has a sensitive spirit-level tube j 
attached to it. In measuring the angle j 
between two edges of a plate the latter is held 
rigidly in a viee and the straight-edge on the 
base [date is plaeed on one of the edges. The j 
second plate is then revolved on the centre ! 
pin until the bubble of the level tube is in the ■ 
middle of its run, the tine adjustment being 
made by the tangent screw shown. The i 
reading of the angular scale is then noted 
and the straight-edge is transferred to the ' 
second edge of (he plate. 'Hie level is again ; 
adjusted and a second reading is taken. The j 
difference between the readings gives the angle i 
between the two edges. The angular scale ! 
is divided on a silver strip and readings can 
be made to one minute of arc. This ih- j 
st.ru ment proves j 
very useful when i 
setting up jig- j 
work on the i 
milling machine • 
or surface j 
grinder. 

sin 0 The sine-bar, ! 

| ( > U) , H1 as shown in Fig. | 

184, is a simple j 

device for making accurate angular measure¬ 
ments. It consists of a hardened steel bar with 
parallel edges and having two plugs, or buttons, j 
of equal diameter inserted in it. The plugs j 
are spaced at exactly 5 or 10 in. centres, j 
according to the length of the bar, and their ! 
distances from the edges of the bar are equal, j 
The method of using the bar is indicated in ! 
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the figure. The plugs are rested on two piles 
of block gauges, the heights of wjiieh arc made 
to differ by an amount //, which is obtained from 
the formula h — 5 sine 0, where 0 is the angle 
of inclination of the bar. By making the 
distance between the plugs exactly 5 or 10 in. 
the calculation is simplified. 

'The sine-bar begins to lose its sensitivity 
for angles above 45°, blit this can be remedied 
by making the bar with a right-angle projection 
and by setting up the plugs to suit the 
complement of the angle required if this 
exceeds 45°. 

- F. H. R. 

Gauges : 

Fnd : standardisation by comparison with 
scales. See “ Gauges,” § (17). 

For depth measurement. See ibid, § (I) (iii.). 

For position and location methods of 
measurement and use. See ibid. § (3). 

For profiles. See ibid. § (2). 

“Go” and “ not-go,” theory of. See 
“ Metrology,” § (21). 

Limit: theory and use of. See ibid. § (17) (ii.). 

Limit : description of various types. See 
“ Gauges,” § (1). 

Limit: external types. See ibid. § (I) (ii.). 

Limit: internal types. See ibid. 5j ( 1 ) (i.). 

Limit : screw. Sec ibid. § (4). 

Methods of measuring external limit gauges 
of ring and gap type. See ibid. § 7. 

Methods of measuring internal limit gauges 
of plug and bar types. See ibid. § (fi). 

“ Not-go,” for screw threads, to control 
individual elements separately. See 
“ Metrology,” § 25 (i.). 

Position type: method of measuring. See 
“ Gauges,” § (13). 

Profile type: methods of measuring. See 

ibid. § (12). 

King type: Tomlinson’s method of measure¬ 
ment. See ibid. § ((>) (d). 

Screw types, measurements of. See ibid. 

§ (:p- “ 

Secondary standards: balls and roller 
gauges. See ibid. § (5) (iv.). 

Spherical-ciul and steel balls: elastic com¬ 
pression during measurement. See ibid. 
§ (Ifi). 

Standard: plug and ling types. See ibid. 
§ (5) (i.)- 

Standard: principle of comparison by 
measuring-machines. See ibid. § (14). 

Standard, reference, check, and master. 
See “ Metrology,” VL § (19). 

Standard block type. See “Gauges,” § (5) 
(iii.). 

Standard block type: method of making at 
National Physical Laboratory. Sec ibid. 

, $ ( f> ) ( iv *)‘ 

Standard end bars. See ibid. § (5) (ii.). 

Standard end type: their calibration in sets. 
See ibid. § (15). 
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Taper plate form: method of measuring. 
Sec ibid. $ (11). 

Taper plug form : methods of measuring. 
See ibid. § (i>). 

Taper ring form: methods of measuring. 
See ibid. § (10). 

Gauges and Engineers’ Scales. See 
“ Metrology,'’ VI. £ (17). 

Gauging ok Cvhks and Barrels : the deter¬ 
mination of the capacity of casks and 
barrels. See “ Volume, Measurements of ,' 5 
§ («)• 

Gauging of Screw Threads. See “ Metro- | 
logy,” § (25). See also “Gauges," III. 
$§(18),eto. 

Gay Lussac’s Ai.coiiol Tables. See “ Aleo 
holometry,” !} (4). 

Geodetic Measures, (i.) The Xuulirnl Mile, j 
—According to the definition adopted in j 
England and the United States, the nautical 
mile is e<pjal to the length of one minute of : 
arc of a great circle on a spherical earth 
assumed to have the same area as Clarke’s ! 
ellipsoid (see below). 

On the Continent the terms “ nautical ; 
mile ” ami “ geographical mile " are inter- ; 
changeable, and both are defined as the mean 
length of arc of one minute of latitude i 
which varies from IS 12-7 m. at the e<piator : 
to 18bMl m. at the polos. 

Adopting the English definition for j 
nautical mile, 

Nautical mile . — 1853-152 m. (Admiralty). 1 

- 0080 fret. j 

--1-1515 statute miles. 

Geographical mile -= 1852 m. (Anmiain- tin Bureau j 
(Vntral des longitudes). 
-0070-8 feet. 

(ii.) Clarke's Ellipsoid. -The, surface of 
the planet as determined by “ sea-level ” is 
approximately an ellipsoid, known as ; 
Clarke's ellipsoid, with axes as follows : ! 

Semi-polar axis . ~ 0,'150.008 m. ; 

Semi-equatorial axes -0,.‘ 178.294 n». and 

0,370,350 m. ; j 

and according to Clarke’s figures : 

1 quadrant =10,007,000 rn. 


'fhe values of the radii have also been 
given as follows : 



Equatorial 

Polar 


Radius. 

Radius. 


m. 

m. 

Clarke, 1880 . 

0,378.249 

0,350,515 

Helmert, 19o6 

0 378,200 

0,350,818 

C.S. Survey, 1000. 

0,378,388 

0,350,000 


(iii.) Geodetic Constants .—The mean polar | 
quadrant10,002 kilometres (determined j 
from a mean of Helmert and U.S. .Survey). I 


Value uf <j : Equator . -078 024 cm./a. 3 

bat. 45° . -080-017 cm./s. 2 

Loudon . --981-HI cin./.s. 2 

Pole . . 983-2 JO cm./s. 2 

Mean density of earth . --5-5 g./c.e. approx. 

Mean density of surface of 
earth . . . --2-G5 g./o.c. 

Volume of earth . . 1 -082 y 10 S1 m.* 

Mass of earth . . . =5-98 x 10 27 g. 

-5-87 x 10 s ' tons. 

Area of land (estimated). - 1-45 \ 10 18 cm.* 

Area of wean (estimated) = 3-67 \ 10’* cm.* 

Mean, depth of ocean 

(Murray) . . . --3-85 * 10 s cm. 

Volume of ocean . . - 1*41 \ 10-* c.c. 

Mass of ocean . . . --=1-45 It)- 4 g. 

Mass of the atmosphere . -=5-33:-: JO 21 g. 

Velocity of a point on the equator due to the 
earth’s rotation— Rw = 4-05 >; 10* cm./s. 2 —1040 
miles per hour. 


Lf.NUTH OF I ’ OF boN’dlTUDK IN DIFFERENT' 

Latitudes 


Latitude. 

1 

Metres. 

| 

Nautical 

Miles. 

Mill's. 

0° 

111,307 ; 

00 004 

09-104 

HP 

100,027 : 

50-157 

08 120 

-o u 

104,035 ; 

50-403 

05-018 

30’ 

00,475 

52-000 

50-018 

40 s 

85,384 ! 

•10-075 

53-050 

50 ’ 

71,087 j 

38-08 V 

•14 -545 

00” 

55.703 ! 

30-107 

34 000 

70’ 

38.182 i 

20-601 

23-720 

8o° 

10,301 | 

10 401 

12-040 

00° 

0 j 

0 

0 

'_ __ 

___ !_ 

_ _ 

_ _ _ 


.See Vol. 1. “ Measurement, Units of. 


Geoid, The. See ‘‘Gravity Survey,” $ (7). 

Geometric Design. See “ Instruments, 
Design of Seientilie,” § (12). 

Geostbopiiic Wind. This is the approxima¬ 
tion to the gradient wind obtained when 
the curvature of the path is neglected. 

* Its magnitude is such that the deviating 
force due to the earth’s rotation is exactly 
balanced by the gradient of pressure. In 
medium and high latitudes thegeostrophie 
wind is taken as a reliable measure of the 
wind at 2000 to .‘1000 feet. See, “Atmo¬ 
sphere, Physics of,” $ (0). 

Computation of. See. ibid. § (10). 

Height of attaining. See ibid. 5? (14). 
Variation with height. See ibid. § (10). 

Gilpin, George, “ the founder of alco- 
holometry.” See “ Aleoholometry,” § (4). 

Glaishkr : factors for obtaining the dew¬ 
point from readings of the dry- and wet*bulb 
thermometers. See “ Humidity,” II. § (2) 
(ii.). 

Glalshek’h Thermometer Screen. See 
“Meteorological Instruments,” § (5) (iii.). 
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Glory : a series of coloured rinses surrounding j 
the shadow cast by the observer’s head on a 
bank of fog, mist, or cloud. See “ Mefeoro- I 
logical Optics,” § (lb) (iii.). 

“Grade, Definition of Term,” as used in j 
connection with screw threads. See “Metro- I 

lnf?y." § (->) ("•)■ 

“ Grade of Work ” : definition of term, j 
See “ Metrology,” § (20) (i.) (b). 

Gradient Wind. The gradient wind is that 
which will just balance the gradient of . 
pressure, when the deviating force due to ! 
the earth’s rotation and the eentrifugal 
force due to the curvature of the path are 
both taken into account. The formulae ! 
to be used for the computation is given in j 
article “Atmosphere, Physics of the,” § (0), ; 
equations (I) and (2). The cyclostrophic I 
component, i.c. the term V-eot r/R, is only 
of importance in high latitudes for very 
strong winds, and it is quite frequently 
neglected, the gradient wind being assumed 
to be equal to the grostrophic wind. 
The calculation of the wind speed is much 
simplified thereby, since the wind can bo 
immediately computed from the distance ; 
apart of the isobars. A scale graduated in 
accordance with the scab 1 of the map and 
tin* pressure interval between consecutive 
isobars gives a direct reading of the velocity. 
See “ Atmosphere, Physics of,” § (0). 
Graphical Method: the representation of 
sets of correlated observations by means 
of eophtnar points, each set of observations 
representing distances, measured in general 
from lixed orthogonal axes «>f reference. 
Sec “Observations, The Combination of,” 

§ (7). 

Gravimetric I>eterm r natiovs of Volume. 

See “ Volume, Measurements of.” § (7). 
Gravitation, Constant of: the constant 
G in Newton's equation 

Force of attraction -GM»i/r/ 2 . 

See “ Ear*th, Density of the,” § (1). 

Gravity : • 

Determination of intensity of, by Threlfall 
and Pollock's gravity balance. See 
“ Gravit y Survey.” § (b) (i.). 

Direction of the force of, the reference 
spheroid. See ibid. $ (7). 

Measurement of, by the pendulum. See 
ibid. § ( 2 ) (i.). 

Measurement of, at sea, by Dullield's 
method. See ibid. $ (f») (ii.) (//). 
Measurement of, at sea, by hypxometer 
apparatus. See ibid. § (b) (ii.) (a). 
Measurement of, at sea, with a mercury 
manometer. See“ Barometers and Mano¬ 
meters,” $ ( 22 ) (i.). 

Measurements of rates of change of. See 
“Gravity Survey,” § ((>). : 

Gravity, Measure of. The law of universal : 
gravitation states that every particle of i 


matter attracts every other particle with a 
force which varies directly as the product 
of the two masses and inversely as the 
square of the distance between them. 

(i.) The constant of gravitation is the 
constant G in the law of attraction set out 
above, and is deli tied by the equat ion 


Force of attraction ~ i 


.mass x mass 


(dial .) 2 ’ 
G --(>*Ub7b x 10 -8 em. 3 /gs . 2 (Roys). 


(ii.) The acceleration of gravity is the 
acceleration produced in any body by the 
force of the earth’s attraction ; as actually 
measured the acceleration is that due to 
the earth’s attraction minus the centrifugal 
force of the earth's rotation. 

Owing to the fact lhat the earth is not 
perfectly spherical in shape, but is more 
nearly a spheroid, and also on account of 
the variation with latitude of the eentrifugal 
force of the earth's rotation, and the 
irregularities in the density of the earth's 
surface, the formulae giving the variation 
of g over the earth’s surface are complicated. 

A formula of the following form is given 
by Hoi inert.: 1 


g - A(1 1 R sin 2 <{>){ 1 - 


3// 3 
1 2U A 


l/(o -0) 
2R A 



where <ft is the latitude, R the mean radius 
of the earth, h~ -height above sea-level, 
//'-thickness of surface strata of low 
density, A - moan density of the earth 
(b-i; • density of water), 5 —mean density 
of surface strata (2-8 >. density of water), 
0 - actual density <>f the surface strata in 
tin' region, y ~ orographieal correction due 
to neighbouring mountains. Assuming that 
o — 0 and y is negligible, we obtain 

tf - ()78*o:i( i + •oor>:m2 sin 2 </d ^ I - 'j ^ 

( ■ r > / <\ 

g 9S0G17( 1 - 002()b cos 2'/>)( 1 4 , { L 

where g 978-03 is the value of gravity at- 
sea-level at the equator and 9$0-bl7 in 

latitude tb°. 

Putting R -0-37 v ID 6 metres, 
g 980-017(1 •002(55cos 2</>)(l - 1 -06 x 10-’//), 

where h is in metres. 

In British units,putting R -2 00 > R) 7 feet, 
g -32-172(1 - *002(55 cos 2«/»)( l - 5-07 x 10-«A), 
where h is in feet. 

The above formula applies to places on the 
earth’s surface at different heights above 
sea-level, and takes account of the additional 
attraction of the high ground: for points 
at some distance above the earth’s surfaco 
the factor R-/(R + h) 2 ~ \ (1 + /</R) 2 . which is 
approximately equal to 1 - 2/ijll if h/li is 
small, replaces l - 5///1R. 


1 Itdmcrt, Envy, tier math. Wissenschnft , Hd. vl. 
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(iii.) Centrifugal Force of the Earth's 
Rotation .—On account of the rotation of 
the earth the acceleration produced in any 
body is the resultant of the acceleration 
produced bv the gravitational attraction of 
the earth, and the acceleration produced by 
the centrifugal force of the rotation. This 
latter component is equal to - rur, where r 
is the distance from the axis of rotation, 
and is equal to It cos <j>; w is the angular 
velocity. 

At the equator R-(»-37xJ0 8 cm., and 
since w--7-292 > 10 -6 , 

Rw 2 — 3*39 cm./s. 2 , 

hence for latitude <}> the value of g is 
diminished by Rc*r cos (/>, i.e. by 3-39 cos (p 
cm./s. 2 , on account of the rotation of the 
earth. Sec Vol. 1. “ Measurement, Units of.” 

GRAVITY SURVEY 

(The Arabic numbers in the text enclosed in 
brackets refer to the Bibliography at the end.) 

§ (1) Introductory. —The primary object of a 
gravity survey is to obtain values of the force 
and direction of gravity at various points of 
the sea-level surface. The secondary object is 
to make deductions from such results as to the 
distribution of matter in the earth, thereby 
throwing light on the structure and internal 
condition of the earth. This secondary 
object makes the inquiry of interest not only 
to geodesists but also to geologists and miners. 

Observations in most, eases ale made at 
stations above the sea - level surface, and 
accordingly require to be reduced to this 
level. The sea-level surface is that surface 
which would bound the ocean if no tidal 
action were in force. The ocean may for this 
purpose be imagined to be continued to any 
part of the earth by means of deep canals; 
whereby the term “ sea-level ” has a meaning 
all over the earth. Tins surface is generally 
designated by the word geoid.” 

The form oi the geoid has been shown by 
gcodetieaj measurements to be not very 
different from a spheroid of revolution alxmt 
the minor axis, that is an oblate spheroid. 
So, if a spheroid is selected to approximate 
as closely as may 1 k> to the geoid, the separation 
of geoid and spheroid at any point is a quantity 
which is small compared with the axes of the 
spheroid, the ratio of the two quantities 
possibly never being so great as 1/50,000. 
There is, however, no actual proof that the 
separation does not exceed this amount. At 
all events the separation has various effects 
in geodetical problems, and is sufficiently large 
readily to admit of measurement. 

The geoid, Ring a level surface, is obviously 
orthogonal to the direction of gravity, and in 
fact completely defines the direction of gravity 
at its level. The determination of the form of 
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! the geoid is one main division of a gravity 
| survey, tho other division being the deter¬ 
mination of the force or intensity of gravity. 

I. The Intensity of the Force 
of Gravity 

§ (2) The Measurement of Gravity, (i.) 
; The. Pendulum. —The pendulum has long been 
j recognised as a very precise instrument for 
finding the force of gravity; and most of tho 
accumulated data of gravity intensity are 
due to it. If a particle is susjxmdcd by an 
ideal thread of no mass of length l and set 
swinging through a small are 2 a, tho time 1 of 
a double oscillation is very approximately 
2ir sj(IJg)( 1 + (a 2 /l (>)). This arrangement is 
the so-called “ simple pendulum.” When 
j it is replaced in racuo by an actual material 
| pendulum or “compound pendulum” the 
j same formula holds if for / is substituted 
j R/.Vhi, K Rung the moment of inertia of 
the pendulum about the axis of rotation. 
a the distance of the centre of gravity from 
the axis of rotation, and M the mass. In 
other words, / is the radius of gyration 
about the axis of rotation or the “ reduced 
length ” of the compound pendulum. The 
point on the line through the axis of rotation 
and the U.G. of the pendulum at a distance 
l from the former is called the “centre of 
oscillation.” To determine its position for 
j an actual pendulum is a matter of great 
difficulty when the necessary high precision 
is sought. Though the pendulum may be 
made very true to figure, slight variations in 
density displace the position of the centre of 
oscillation, and a precise measure —say to 
j 1 in 10®—of the length / can hardly be obtained 
! directly. In the earlier work of the nineteenth 
j century this led to the introduction of “ Rater’s 
; reversible pendulum.” This was a pendulum 
fitted with two sets of knife edges, the second 
being arranged near to the centre of oscillation, 
j A properly of the pendulum is that its tiino 
j of swing is the same whether suspended at tho 
! axis of rotation or at the axis of oscillation. 

| In Rater’s pendulum, a small adjustable 
j weight made it possible to obtain closely 
I equal times of swing 'when it was suspended 
| from either knife edges; and when this was 
i achieved the length / was simply the distance 
j lietwcen t he knife edges, which was susceptible 
of direct precise measurement. 

| In modem gravity surveys it, is not 
j oustornaiy to use a reversible pendulum. The 
absolute length l of the equivalent simple 
pendulum is only required for an absolute 
determination of gravity. Relative values 
of gravity may be found by swinging a pen¬ 
dulum, for which l is only approximately 
j known, at a standard base station ; and then 
! 1 See “ Clocks and Time-keeping,” § C4). 
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results ut any other station become expressible 
in" terms of this standard. The absolute 


value at the base may be determined by a 
special research. 

(ii.) Corrections .—In the practical case the 
pendulum swings in air, and corrections for the 
buoyancy of the air, as well as its viscosity, 
are necessary. Further, the equivalent length 
l varies when the temperature changes, and 
it is essential to have a good determination of 
the temperature of the. pendulum itself. A 
further correction, due to the yielding of the 
stand, called the “flexure correction,’“was^not. 
taken into account, in earlier work. Even 
with a very rigid stand the lateral pull of the 
pendulum as it swings is sufficient to set up 
small oscillations in the stand, and this raises 
the position of the instantaneous centre of 
rotation and so alters the time of swing. The 
results of the early observations in India, 
made by Captains Hascvi and Heaviside 
between 18115 and 1874, in which no measure 
of the flexure was made, as well as other 
observations of the same and earlier dates, on 
this account are burdened with an appreci¬ 
able error, which cannot now be accurately 
estimated ; so that- the precision of these early 
results is much impaired. 

(iii.) The Indian Xvrrcy Apparatus.— 

It is impossible I" describe in the present 
article details of all modern pendulum equip¬ 
ments, and for these reference must lie made 
to the publications of the Survey Depart¬ 
ments which use them. The 
apparatus, in use in India since 1804, exhibits 
the main features of modern practice. A 
long s, l ies of observations were made with 
this in lllOll at Kew and Creenwich. All 
subsequent observations in India are thus 
related to Kew as primary liase; while, in 
India, Debra Dun senes the pur,) 0 .sc of a 
secondary base, observed at both at the 
beginning and end of each season. Pendulums 
brought to India by continental observers 
have strengthened the relation between Indian 
and European bases. It may lie said in 
general explanation that, the usual method 
is to determine the difference nf tune of swing 
of a free pendulum and that of a clock pen- 
dulum by the method of coincidences ; white 
the rate 'of the clock is determined by nightly 
star observations. The following description of 
the Indian apparatus is taken from Kir Herald 
Lenox Conyngham’s account (3, No. 10). 

The apparatus (see Plate 1.) was made by F.. 
Schneider of Vienna after Colonel von Sternrek » 
design. The jienduluniB nre four in number, all ot 
precisely similar appearance and very nearly equal 
times of vibration. Their numbers are 137. 13S. 
139. and 140. They nre made of brass heavily 
gilded, and have agate edges on which to vibrate: 
each has a small vertical mirror securely fastened to 
its head just above the line of these edges. 


The stand on which the pendulums hang during 
the observation is solidly made of brass in the form 
of a truncated cone with three large apertures in 
the conical surface. It rests on three foolscrews 
which are capable of being firmly clamped. The 
stand carries a highly polished agate plane for the 
reception of the agate edges. 

This plane is pierced by an oblong hole through 
which the head of the pendulum which is to he 
suspended is passed from underneath ; after passage 
the. pendulum is turned through a right angle so that 
the knife edge bridging the hole rests on the agate 
surface. In order to avoid accidental injury to the 
agates, such as might happen if the edges had to he 
placed on the plane by hand, the edges are divided 
into two portions, inner and outer, and stirrups are 
provided on which the operator places the latter in 
the first instance; then by the action of a slow 
motion screw the stirrups are gently lowered from 
under the edges until the inner or true portions rest 
on the plane, the outer being entirely free. 

In the base of the stand a lever is provided for 
starting the oscillation of tin* pendulum. It has an 
adjusting screw ho that an oscillation of any desired 
amplitude can he imparted. 

The pendulums swing in air at the natural pressure, 
hut are protected by a cover from draughts. 

The flash-box constitutes the other essential part, 
of the equipment. It contains a contrivance where- 
by a shutter, moving up and down under the control 
of a hn-ak-eirenit clock, allows a Hash of light to pass 
through a slit at every heat or every alternate beat. 
This Hash of light is rebooted by the mirror on the 
vibrating pendulum into a small telescope lived on 
the top of the flush-box ; the times at whidi the 
Hash passes the horizontal wire in the Held of the 
telescope, correspond to the coincidences of the free 
pendulum with the clock pendulum; the intervals 
between such passages are therefore the coincidence 
intervals of the pendulums. 

The coincidence interval c of each of the pendulums 
j under discussion with that <>f a sidereal clock is about 
3o seconds. 'This is connected with the time of 
I vibration * by the equation 

s-c/CJc-l). 


If c —35 sec., s - 0‘507 see. approximately. 

On the front, of the flash-box there is a porcelain 
scale graduated into divisions of 3 mm. By observing 
the reflection of this scale in the pendulum mirror 
and noting how many divisions pass over Mie central 
wire of the telescope as the pendulum vibrates, tho 
amplitude of the vibration is determined, when the 
distance between the mirror and the scale is known. 

A convenient distance is about 2 metres and a 
convenient initial amplitude (semi-arc) of vibration 
is from 12 minutes to 20 minutes. 

Besides the jiemlulum apparatus the equipment 
, includes a dock with ft half-seconds pendulum, 
specially designed for portability. It has a con- 
i vonient arrangement, whereby the pendulum can >e 
| lifted from its hearings and clamped to the buck of 
the case, so that it need not he taken off for a journey. 
The pendulum, made by Ridler of Munich, is of in var, 
i The break-circuit arrangement consists of a light 
1 i ov( .r fixed to one side of the clock case which is 
1 lifted b\ a short arm on the pendulum as it approaches 
I the end of its swing in that direction. The lever is 
| adjustable bo that the circuit may be broken for a 
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longer or shorter fraction of a second at will. The 
clock was made by Messrs. ►St.raaser and Rohde of 
tllnsshutte. 

§ (3) Detailed Corrections. —Five cor¬ 
rections to observation results arc required, 


reading, 7 the coefficient to reduce this to zero 
temqiorature, and e the pressure of aqueous 
vapour, then 

V To_PpB(l l 70(1- 3/H.3c/8B) 

P ' 7ti0(l + -ORIIWr) 



Plate I. 


to reduce to (i.) a vacuum, (ii.) temperature 
0° C., (iii.) an infinitely small are, (iv.) sidereal 
seconds on account of clock rate, (v.) a rigid 
pillar and stand (flexure). The unit in the 
correction to the time is in each case in the 
seventh place of decimals. 

(i.) Vaaium Correction .—This is proport ional 
to />, thr> air density. If p (t he the density at 
pressure 700 and temperature zero, T, T 0 the 
absolute temperatures, p, p n the pressures, 
r the temperature centigrade, B the barometer 


and the correction becomes 

-k’ 13(1 + 7r)(l -3/S..‘WSB) > 

700(1 + *00307r) 

and /;' is a coefficient depending on the shape, 
surface, etc., of the pendulum, determined ex¬ 
perimentally. The last quantity is found by 
swinging the pendulum simultaneously with 
a standard pendulum. Mean Ffor the Indian 
pendulums is 000 with a probable error of 2 or 
3 per cent. 
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(ii.) Temperature Correction .—Reduction 
for the temperature of the pendulum is - kr, 
where k depends on the coefficient of expansion 
of the pendulum and r is its temperature 0 . 
The mean value of k is 49. The temperature of 
the pendulum itsjelf—not that of the surround¬ 
ing air—is what is required. On this account 
Sir (Jerald Lenox ('onyngham introduced a 
“dummy pendulum” exactly like the actual 
pendulums except that its stem was bored to 
admit a thermometer, which always remained 
in position. This dummy is kept in the 
same chamber as the other penduluftis, and 
the temperatures of all are assumed identical. 
On account, of the magnitude of the lempera- 
turo correction, it has hitherto been found 
unsatisfactory to observe in a tent, for even 
when this has double walls large fluctuations 
of tenqjoraturo occur. Observations havo 
accordingly always l>eon made in a room ; and 
this restricts the choice of stations. 

(.'onyngham suggested the use of an invar 
pendulum ; but this did not go further at the 
time, as it was objected that the magnetic 
properties of invar would render it affected 
by the. earth’s magnetic field. Since that date, 
invar pendulums have been used successfully 
both in America and Germany; the magnetic 
difficulties have been found to be trilling. 

fonyngham has also employed quartz, a 
material wilh a minute coefficient of expan¬ 
sion, but found the pendulum too light to be 
satisfactory. 

If. Nagaoka consider'd the question of in¬ 
variable pendulums in 1919 (15). lie made 
an elaborate comparison of the suitability 
of various materials available for the con¬ 
struction of invariable pendulums. For this 
purpose, on account of its projx-rties, tungsten 
is strongly recommended. The physical con¬ 
stants of tungsten are given, and it is shown 
that the pendulum could be entirely constructed 
of tungsten. The advantage of having every 
part of the same, material is considerable. 


The points emphasised are the high density, 
low thermal expansibility, also the great, hard¬ 
ness and chemical resistance of tungsten. 

(iii.) Reduction to Small Arc .—This is simply 
-sa 2 /l(>, where s is the observed time of vibra¬ 
tion and a the semi-arc in circular measure. 
The mean a during the observation may be 
used with sufficient: accuracy. 

(iv.) Time Correction .—Since the time of 
vibration is nearly 0-507 second, reduction (iv.) 
on account of a clock rate of 1 see. per diem is 
0-507/8(5400 58-7. JO -7 seconds. 

(v.) Rigidity Correction .—Reduction to a 
rigid pillar. When a pendulum swings it 
gradually sets up an oscillation in the stand 
supporting it; in other words, the knife edges 
of the pendulum and the portion of the stand 
on which they bear have a small lateral 
movement. This has the effect of raising the 
geometrical axis of rotation, and increasing 
the effective length of the pendulum. If an 
auxiliary pendulum of equal period is suspended 
on the stand, with its knife edges parallel to 
those of the first pendulum, an oscillation is set 
up in it, and by measuring the rate of growth 
of this oscillation, a measure of the flexure 
of the stand may be derived. Professor 
Schumann (see also Alx-tti (22)) of the Prussian 
Geodetic Institute investigated the relation, 
which may be reduced to 


ds = 


(*> 

\f. 


<t'i \_ » 2 K 

<i i iv ’ 


where s is the common time of vibration, 
and 0 , \p arc amplitudes of driven and driving 
pendulum, and K, K' their moments of 
inertia, it is usual to observe <p, \fr at intervals 
of two minutes up to sixteen minutes from 
the start, when </> is nearly zero. 

§ (4) Details of a Computation. —The 
following computation example of one pen¬ 
dulum, swung at the Indian station Katni, 
will further illustrate the practical working 
of the observations and corrections: 



Bn ronicter. 

__ 

' 

II y urometer. 

Arc. 

Pendulum Thermometers. 

Time. 







In 

Dummy. 

In 

Air. 


IT. 

T. 

Dry. 

Wet. 

Above. 

llelow. 

No. 510. 

Fpper. 

No. 105308. 

] 

! Lower. 

! No. 105309. 

h. in. 

731-2 

C. 

20-5 

C. 

212 

C. 

15 0 

H-7 

87 

20 20 

20-47 

2045 






HI 

81 

20-20 

20-20 

20-32 






7-0 

0 <> 

20-21 

20-31 

20-33 


731-5 

21 1 

214 

15-0 

«7 

1)0 

20 23 

20-00 

;i>m> 

Mean — 

731-3 

20-8 

21-3 

150 

70 

70 

20-21 

2042 

2043 







Correction 

-- 0-20 

-0 24 





(.'oineiileiKea 

Corrected Mean 

2023 

20 10 
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No. 

Time. 

No. 

Time. 20 

Difference. 

.Remarks. 

— 

m . s. 


m. s. 

m. 


1 

29 32 0 

62 

3 52 2 

34 20-2 


2 

30 5 4 

63 

4 26 0 

20-6 


3 

39-8 

04 

5 0 0 

20-2 


4 

31 13-3 

65 

33 8 

20-5 



47-3 

66 

6 7-6 

20-3 


6 

32 21 8 

67 

41-0 

10-2 


7 

55 0 

68 

7 151 

20 1 


8 

33 28-6 

69 

49 0 

20-4 


9 

34 2 7 

70 

8 22-9 

20-2 


10 

360 

71 

56 1 

r 20-1 


11 

35 100 

72 

9 30-3 

20-3 


12 

43-2 

73 

10 4 1 

20-9 

._ 




Mean — 

34 20-25 

c = 33-775 


. . 

— -- 

.. — 

.- — — 



Density Correction = 

V —594. 

k'D. 

Temperature Correction 
- — AT. 

k -49 0. 

Arc Correction «=* — * j« 

1 760(1 f- -00367r) 

I)~ B(l- 00016r) 

Thermometer in 

dummy No. 516. 

Total arc reading in 
scale of Hash-box 
(1 div. --3 imn.)--» 

15-2 

- ™°(1 + 00383r) 

Mean reading 

20-21 

Distance in mm. from 
seale to pend, mirror -d 

2205 



Correction 

-0-08 

Correciion (from Chart 11 ) 

- 9 

Dry bulb 

21*3 

Temjieraturo 
— T 

20-13 

3» 

^^ .-tan (semi-arc) 

0051701 

Wet bulb 

15 0 

- AT 

- 986 

Semi-arc — 

u (from 'Fable 1) 

18' 

(1) — $ e (from Chart 1.) 

(2) Barometer reading 

(3) Index correction 
B'-(l) 1 (2)4(3) 

Mean of pendulum ther¬ 
mometers in air*=r 

(4) 7 |° 

-3 5 

731*3 

Observed Time of Vibration — ,,^ j '>• 


728 

20-2 

1044 

61c 

61 (2c- 1) 

c 

""2c -1 

2060-25 

4059-50 

0 5075133 ’ 

log. 3-3139200 

log. 3-0084725 

log. . 1 -7054475 








760 

(5) — , x -00383r 

B 

0 081 

Density 

Correction 

0 

- 528 


1 

(4) 4- (5) = ^ 

-A'D 

1 125 

528 

Temperature 

Correction 

Arc Correction 

Flexure 


- 986 

! 

9 i 

s 

j The corrections are all 

<■ in units of tlio seventh 

1 decimal place. 

Clock rate correction — 

58 7u. 

Correction 

Rate Correction 


I 

- 174 | 

_ 



Daily rate^u 1 
u x 58-7 

Claming. 

-2*96 

- 174 

Sum of correc¬ 
tions =* C 

- 1752 



Corrected time of Vibration **S l 0 

0-5073381 




1 Correction ' as rate Is . 
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The usual programme at a field station 
is to swing each pendulum twice daily at 
twelve hours intervals, whereby any diurnal 
atmospheric variation is compensated. Each 
complete.sot of observations on one pendulum 
occupies about forty minutes; and with the 
timo spent in changing pendulums and allow¬ 
ing temperatures to steady, the observations 
on four pondulums occupy four hours. 
Observations usually extend over three days. 

§ (5) Other Methods. —Methods of deter¬ 
mining the intensity of gravity, othci than 
that of the pendulum, have been proposed. I 
(i.) Thrdfall and Pollock. — in Threlfall 
and Pollock's Gravity Balance (8) a quartz 
thread is mounted horizontally and is attached, 
at one end to a spring which takes up 
variation of tension, and at the other end 
to an axle which can bo rotated, in line 
with the thread. At the centro of the thread 
and at right angles to it is attached a light 
rod or lever bearing a weight at a suitable 
distance from the thread. The quartz thread 
is given several complete twists and the weight 
on the rod is adjusted so that the rod is 
held in a horizontal position by the two 
balancing forces due to the torsion of the thread 
and the weight of the rod. ff now the balance 
is removed to a place where the gravity force 
is different, the rod will not remain horizontal; 
but it can be brought back into a horizontal 
position by twisting the thread, by means of 
the torsion head. When suitable allowance 
has been made for temperature change, the 
pressure having been kept constant, the 
angular twist of tho torsion head giv^s a 
measure of the difference of gravity at the two 
places. 

Tho thread and the framework bearing it 
were kept in an air-tight, enclosure, the torsion 
head being worked through a stuffing box 
contrived to bo air-tight by means of mercury. 
The temperature was determined by a platinum 
wire thermometer placed beside the thread. 
It was estimated t hat various errors in deduced 
value of “g” were liable to amount to -003 
dyne; and an error of *002 was to be 
expected. 

The advantages of such a balance are: 

(1) timo observations are not necessary, so 
that cloudy skies do not. delay tho work; 

(2) tho observation can bo completed in 
three hours, of which half is spent in packing 
and unpacking. Observations have to lie 
made at times of maximum or minimum 
temperature, as a varying temperature vitiates 
the results. Tho complete equipment weighed 
226 lbs. 

Tho designers used the instrument in 
Australia prior to 1900; but nothing later 
has been published concerning it; and it is 
understood that tho difficulties of accurately 
allowing for temperature caused tho precision 


of tho balance to bo considerably less than 
had been anticipated. 

(ii.) Measurement* at Sea. (a) The llypso - 
meter Apparatus. —Attempts have been made 
to determine gravity at sea. The underlying 
principles employed were (!) to compare the 
atmospheric pressure ns given by a mercury 
barometer with that found by a hypsomeler or 
aneroid ; (2) to observe the height of a sealed 
mercury barometer. In both cases a marine 
pattern barometer or one of special design 
is used to reduce to the smallest amount the 
“ pumping ” of the mercury caused by the 
ship’s motion. Jn the first ease the mercury 
barometer reading varies with “ g while the 
hypsometer gives the absolute air-pressure. 
In tho second case, t he weight of the mercury 
which varies as “ g ” is balanced against a 
constant mass of air, whose pressure can be 
computed. 

I)r. lleekcr of the Prussian Geodetic In¬ 
stitute began observations with the hvpso- 
meter apparatus early in this century, and 
published results for the Atlantic, Indian, 
and Pacific Oceans, and the Black Sea be¬ 
tween 1903 and 1910 (9). Great trouble was 
experienced as a result of the ship’s oscillatory 
motion, which caused excessive “ pumping ” 
in the mercury barometers; and it may be 
said at once that the results obtained cannot 
be relied on. The barometers dilfered from 
the ordinary land pattern in having a capillary 
; stricture in the centre portion of the main 
tube. Each side of the capillary portion the 
bore was reduced to a diameter of 1 mm., 
and only the upper and lower extremities 
were of customary bore. In the lower portion 
an air trap was introduced to prevent the 
access of air bubbles into the capillary. In 
this Ayay “pumping” was to some extent 
overcome. 

The hypsometer thermometers gave trouble 
owing to variability resulting, in Hecker’a 
opinion, from the repeated boiling for con¬ 
siderable periods to which they were subjected. 
The value of tho work lies in tho experience 
gained rather than the values of “ g ” obtained. 

(b) Dr. Dujjield's Method. —In 1914 the 
British Association visited Australia. Dr. 
I)u (field took the opportunity afforded to 
attempt some determinations of gravity at 
sea on tho voyages out and home. He 
took with him threo apparatuses, in one 
of which Heckcr’s hypsometers were replaced 
by aneroid barometers: while of the other 
two both used the principle of balancing the 
weight of a column of mercury against the 
pressure of a constant mass of air, one being 
of Du (field’s and the other of llecker’s design. 
l)u(field has communicated his experiences 
with his own apparatus to the Royal Society; 
and he has written of tho other two in the 
Report of the British Association (10 (a), 11). 
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Further reference hero will bo restricted to 
Duffield’s own apparatus, from which the most 
promising results were obtained. Duffield does 
not consider even these results as entirely 
satisfactory; but they are undoubtedly an 
advance on any previous work. 

The use of a sealed mercury barometer had 
been made, but without much success, by 
Maseart on land in 
1882. Duffield’s ap¬ 
paratus was in an 
experimental stage in 
1014 when it was 
taken to Australia 
and back. In his 
paper l)r. Duffield 
says : “ A constant 

volume of air was 
maintained in the 
bulb B (see Fig. 1) 
by keeping the mer¬ 
cury always up to the 
pointer 0. The air in 
the bulb was under 
reduced pressure in 
order to keep the ap¬ 
paratus within reason¬ 
able dimensions. The 
barometer tube was 
bent so that H was 
vertically over the 
length of the column 
of mercury HC being 
approximately 20 cm. 
The level was kept at 
(J by raising or lower¬ 
ing the level of the 
HI jij 111 If mercury in the index 

m ■ j I jij tube D, which was of 

■ I ; ’ W fine bore; an .opera - 

■ I j; 9 tion which waseffected 

m | : ■ by means of an ex- 

■ ' I haust pump. It was 

H f ■ ■ from the reading of 

the level of the mer¬ 
cury in this tube, when 
ft ] contact was made with 

v the pointer C, that 

the value of gravity 
Fig. 1. was calculated. The 

other side tube E was 
of wider bore, and was used only for making 
the initial adjustment at the beginning of the 
voyage. It was introduced on account of 
the great difficulty of correctly adjusting the 
amount of mercury in the apparatus, and to 
enable it to be used for various ranges of 
temperature.” Contact of mercury with 
pointer C was revealed by a telephone and 
trembler in a circuit which was closed there¬ 
by. A temperature comjiensation device, due 
to Mr. Horace Darwin, in which the size 
of the reservoir is chosen to make the total 




be t 


i ! " 


volume v of mercury contained such that its 
rise at H, due to a change of temperature - 
constant level at C and I) being maintained— 
will just balance the increase of pressure of the 
air in B, due to the same rise in temperature. 
In symbols this implies the condition av- (thT, 
where a is the dilatation coefficient, of mercury, 
r is the total volume of mercury, a is area of 
cross-section of barometer tube at H, and h 
is the height of the mercury surface at H 
above that at C. This device makes an 
absolute compensation at one temperature 
only, but gives a considerable compensation 
also for temperatures not widely different. 

It, appears that contact at C could be gauged 
with precision of -002 mm., corresponding to a 
precision in “j/” of 1 in 10 5 or 001 dyne. 
In the index tube I) a change of level of l mm. 
corresponded to Ar/ 0-058 dyne. Capillary 
tubes, indicated in the diagram, were intro¬ 
duced to prevent “ pumping ” due to ship’s 
motion. Readings made to evaluate the 
error due to the viscosity of the mercury in 
these capillaries suggest that this, combined 
with errors of contact, vibration, and tempera¬ 
ture, would not exceed 0 01 dyne The wholo 
apparatus was immersed in a tank fitted with 
suitable windows, etc., and filled with water; 
and the tank was suspended by cords in the 
refrigerator rooms of the ships on which the 
apparatus was tested. 

(iii.) Correction. —There is a correction to all 
readings with mercury barometers, whether 
sealed or open to the air, on account of the ship’s 
motion in longitude. This, due to change in 
the centrifugal force, is given by the expression 
2wc cos \ sill a, where w is the earth’s angular 
velocity, v is the s|>eed of the ship, \ is the 
latitude, and a is the delation of the ship's 
course from true north or south. 'I bis amounts 
to about 005 millibar per knot at latitude 50°. 
The reality of this correction has lx»en exj>eri- 
mentally verified by Duffield on the destroyer 
Find;]) in the English Channel. 

* In a paper (10 (b)) in /’roc. Roy. &'or.. 
Professor (Sir Arthur (Schuster discusses mathe¬ 
matically the effects of oscillation due to 
ship's rolling and pitching and vertical motion, 
fn this paper certain rel.tions lietween 
cross-section and lengths ot the various 
tubes are deduced, which would cause such 
effects to he a minimum. Schuster estimates 
the probable error of a determination, and 
with certain selected dimensions he finds the 
orro. in A qjfj as great as I -4. 10 6 due to 
a vertical oscillation of the ship of amplitude 
1 metre. 

§ (0) Measurements of the Rates of 
Chanor of Gravity. —An apparatus of type 
entirely different from any ho far deserilx'd 
is the gravity balance of Baron Kdtvds (see 
Fig. 2 and Plate 11.). This is a torsion 
balance in which a horizontal tubular beam 





GRAVITY SURVEY 


405 


is supported by a platinum wire from a torsion 
bead. A mirror is attached to the beam, 
which reflects a 
spot of light for 
reading pur]loses. 

At one end of 
the beam a plat i¬ 
num cylinder is 
inserted in the ' t 

tube, while at 
the other end a Fie*. 2. 

second platinum 

cylinder is either hung by a thread • 
whose length can be varied, or else 
inserted in the tube. If U is the ^ 
potential of tho gravitational forces, 

K the moment of inertia of the 
suHjiended system, m the mass of the 
platinum cylinder suspended at the 
end of a. thread of length l, h 
the distance of the thread from the 
torsion axis, and a the azimuthal 
angle of the beam from the a - -axis; m 

and further, if 0 is the angle of torsion 1 
and r the torsion constant of the platinum 
wire, the axes of x and y being horizontal, 
that of ~ vertical, then (7 (n)) 
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By altering the quantities a and h it is possible 
to determine the four quantities 

/r 8 UJ*U\ rHT f 2 U o 2 U 

\mj- < x~ /' cxi if cxr:* cydz* 
either bv observing the positions of static 
equilibrium or by observing the times of 
oscillation about such positions. Instru¬ 
mental constants to be determined are m, h, I, 
K jr, and r. The first- three can he found 
by direct measurement; K/r is equal to 
(T* + T /2 )/27 t-, where T and , J ,/ are times of 
oscillation of the instrument, with / 0 , about 
t wo positions for which « and a' differ by Jjf) 0 . 
The last quantity r is fouml by means of the 
Cavendish experiment, in which a leaden 
globe of known size and form is introduced 
and the resulting deflections are noted. 

Tho four quantities determined by tho 
torsion balance are related to intensity of 
gravity, “ g t '' and the principal radii of 
curvature />, and p 2 as follows : 


r(7 _mJ ( (/ o 2 U 
ex ixi'z rij c.yvz 
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/T 


1 

Pt 


1 /IHJ 
<j\<y~ 



sec 2X, 


tan 2 \ 


t rHI 

“7 X< If 

r; 2 U_f; 2 U’ 

ry 2 rx“ 


where \ is tho angle between the piano of 
principal curvature />, and the piano xz. 

The sensitivity of this torsion balance is 
very remarkable. The order of values of 
the four quantities which are determined is 
MO " 7 C.G. 8 ., while the differences obtained 
in measuring them repeatedly rarely reaches 
110 s ; so that a mean, probably correct to 
MO ' 10 can usually be obtained. 

The instrument is shielded from radiation 
effects by a triple case, and observations out 
of doors can only be made satisfactorily during 
hours of darkness. It will he clear that 
objects close to tho instrument have an 
appreciable effect, on its readings, and it is 
necessary to select a site free from very near 
irregularities or else to compute their effect. 
Baron lOotvos calls this the “ terrain effect ” ; 


he also considers the topographic effect 
reference to a given set of charts show¬ 
ing the topography. Using a given 
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spheroid and a corresponding formula for “ < 7 ,” 
it. is possible to find out how much of the 
observed values are natural results of tho 
spheroid; and removing these, ns well as 
the terrain and topographic effects, residuals 
may be formed, which must be attributed 
to underground irregularities of density. 

Without going into that aspect of the results, 
but stopping with the removal of the terrain 
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effect, it is possible to determine the form 
of the geoid or level surface above it; but 
for this supplementary observations have to 
be made with the pendulum. 

The instrument scorns to bo admirably 
adapted for detail survey of a district in which 
rapid variat ions of gravity occur. As applied 
to find anomalies of crustal density it should 
be especially useful. For actual results 
reference must lie made to Baron Eotvos’ 
articles (7 (a), 17). 

II. The Direction of •hie Force of 
Gravity 

§ (7) The Reference Spheroid. —As ex¬ 
plained in the introduction, gravity at sea-level 
acts in a direction normal to the level surface 
which is called the geoid. The geoid lias been 
shown to approximate in form to an oblate 
spheroid; but it exhibits irregularities with 
regard to any spheroid selected, which may be 
revealed by suitable observations. Any point 
may be chosen as a starting-point or origin for 
a geodetic survey, and at this point starobser- : 
vations can be made for latitude and azimuth, i 
while the longitude may bo decided in relation ; 
to any other point on the earth—usually Green- ; 
wich—which is selected as the zero for longi- 1 
tude. These values mav be called astronomic, 
and it is possible to assume that tho geodetic 
values of the origin are the same ; or, from 
other considerations which will bo more easily 
understood later on, to assign small differences 
between the astronomic and geodetic values 
at the origin. Put otherwise, the reference 
spheroid for any survey may bo placet! so as 
to be parallel to the geoid at the origin, or so 
as to be slightly inclined to it. In the latter 
case the inclination of the spheroid to the 
geoid is do lined by the azimuth of the plane 
containing the two normals and the angle 
between the normals to the two surfaces, and 
the components of this angle in meridian and 
prime vertical are the “ plumb-line deilections ” 
in these two directions. These deflections 
will not ordinarily exceed a few seconds of arc 
if, as is generally the ease, tho origin is taken 
at a place where there is no reason to expect 
large irregularities in the form of the geoid. 

(i.) Measurement of Position of Point of Ob¬ 
servation. —Now suppose triangulation, emanat¬ 
ing from a carefully measured base, is executed j 
in the neighbourhood of the origin, tho origin 
being connected with this triangulation. It 
is possible to apply this triangulation to the 
spheroid, if suitable small reductions are 
applied which depend on the tilt of geoid i 
to spheroid. It is to be rememl>orcd that a j 
theodolite, when set up and carefully levelled, ] 
has its vertical axis coincident with the normal 
to the geoid. The direction of the normal to ! 
the spheroid is a matter of choice, and, strictly j 


] speaking, the spheroid is purely a reference 
} figure, introduced for convenience of calculation 
' and expression of results. When observations 
; have been reduced to tho spheroid—in hori¬ 
zontal angles the correction is usually very 
I minute and has generally been ignored, 
j though this cannot be fully justified in all 
| cases-—calculation may be proceeded with, 
| based on formulae derived from the geometry 
| of the spheroid. In this way the latitudes and 
j longitudes of all points fixed by the triangula- 
[ (ion can be determined, and these are generally 
j called 'the geodetic latitudes and longitudes 
: of the points concerned. If astronomic ob¬ 
servations, tho same as made at tho origin, 

1 are made at any of these further points, 
their astronomic latitudes and longitudes may 
be found. Tho astronomic and geodetic 
values will show a small difference, and this 
difference will vary from point to point, thus 
indicating irregularities of the geoid. 

(ii.) Measurement of Height of Point of Ob¬ 
servation. —It remains to refer to the height. 
Here again the geoidal and spheroidal heights, 
at the origin, may be regarded as identical or 
but slightly different. In practice the origin 
of the survey, being an actual point on the 
earth, will be above the geoid ; and its height 
above the geoid will have been determined by 
spirit-levelling operations between some tidal 
station, where mean sea level has been deter- 
l mined, and the origin. It has been customary 
! to assume that this height is the same at the 
j c rigin, reckoned either from spheroid or 
geoid—which is tantamount to saying that the 
i geoid and spheroid either cut or touch on the 
i vertical through the origin. This is a perfectly 
proper assumption to make until further 
; considerations show cause for a different 
assumption ; but it is not to bo forgotten 
that thereby the position of tho spheroid is 
restricted, and that after the choice has been 
I made at one point it cannot be made again 
j elsewhere in the same survey. The spheroid 
! so selected as regards height and deilections 
| at the origin of one survey is not identically 
[ placed with a spheroid of the same dimensions 
j selected in the same way for a disconnected 
! survey. 

As the normals to spheroid and geoid are 
slightly different, variably so from point to 
point, it is clear that tho two surfaces separate 
one from the other, the amount of separation 
sometimes increasing and sometimes diminish¬ 
ing. When in tho course of triangulation 
tho angular altitudes of surrounding stations 
are observed, these altitudes may be put in 
terms of the spheroid by applying reductions 
for (a) plumb-line deflection ; (6) atmospheric 
refraction . 1 The deduction of tho height of 
such points abovo the spheroid then becomes 

1 See article " Trigonometrical Heights and 
Terrestrial Atmospheric infraction/* 
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a matter of simple computation. If also 
spirit-levelling connects the several points, 
their height from the geoid becomes known; 
for spirit-levelling, in virtue of the shortness 
of the shots and the constant setting up of the 
instrument levelled in terms of the geoid, 
clearly yields geoidal heights. The difference 
of geoidal and spheroidal heights of the same 
point is a direct measure of the separation 
of the geoid from the reference spheroid, and 
thus delines the form of the geoid. When 
the form of the geoid is known, the direction 
of gravity, which is normal to the geoid, is 
also known. 

It will be seen that to investigate fully the 
direction of gravity the form of the geoid must 
be found; but the direction of gravity at 
selected points may be obtained by suitable 
astronomical observations, combined with 
properly reduced triangulation connecting the 
points with the origin of the survey. If all 
observations were freo from error, deflections 
in prime vertical would bo equally well given 
by observations cither for longit ude or azimuth. 
In practice azimuthal error develops in triangu- 
lation ; and so it. is proper to observe at some 
stations for both longitude and azimuth, 
whereby the station becomes what is called 
a “ Laplace point,” and the longitude result 
yields a means of correcting the azimuthal 
error of triangillation. 

The necessary work, apart from triangula¬ 
tion itself, accordingly includes astronomic 
observations for (l) latitude, (2) longitude, 

(3) azimuth. 

§ (8) Determination ok Latitude.— 
The most precise observations for latitude 
arc: 

(i.) Talcott method, with zenith telescope 
(in meridian). 

(ii.) Prismatic Astrolabe method (out of 
meridian). 

Either method is susceptible of great accuracy. 
The first has been in uso for many years, 
the second is a recent development, Both 
methods avoid readings of the vertical angles 
and tho attendant errors duo to graduation 
imperfection ; further, refraction effects cancel 
out to a largo extent, if the refraction may be 
regarded as independent of azimuth, 

(i.) Talcott Method .—This depends on the 
construction of a star programme in which 
tho stars are selected in pairs, ono north and 
one south of the zenith, and of nearly equal 
zenith distance at time of meridian transit. 
Tho times of transit must bo reasonably close 
together, as both stars of a pair have to be 
observed before another pair can be dealt 
with. Their zenith distances must be suffi¬ 
ciently nearly equal that tho stars can appear 
in tho field, though not at its centre, when 
tho telescope is set with their mean zenith 
distance. 


The instrument used is called a zenith 
telescope. 11 is provided with a vertical 
circle which is used only for setting. Two 
sensitive levels are attached to the vertical 
circle reading verniers. The verniers arc set 
to the mean zenith distance, and the telescope 
swung round till the bubbles float, and then 
turned in azimuth into the meridian, either 
north or south according as the first star of the 
pair is north or south. When the star appears 
it is intersected by a wire which is traversed in 
altitude by a micrometer screw, whose read¬ 
ing io booked as tho star crosses the vertical 
wire ; the levels are also read. The telescope 
is then turned through 180° in azimuth, and 
the second star observed in the same way. 
These meridian settings are made by bringing 
the instrument against one of two stops, 
which arc previously adjusted to agree with 
tho meridian. There is no need to read tho 
vertical circle, which is the same for two 
stars of a pair. But it is necessary to know 
the value of the eye-piece micrometer, as well 
as of the level scales. Both these quantities 
cancel out to a great extent in the mean of a 
largo number-of pairs. 

To fix tho azimuthal stops in their proper 
positions a referring mark at a convenient 
distance is set up prior to tho observations. 
In addition, azimuth is observed nightly by 
means of timing the transit of a circumpolar 
star, from which azimuthal deviation may 
be computed. Time is determined by means 
of transits of a few stars of small zenith 
distance, while for collimation ono or more 
stars of zenith distance less than 1° are 
observed on both faces. Tho following 
general rules are followed : 

(1) Z.1). of a latitude star should not exceed 
40°. 

(•2) The difference of Z.D.’s of a pair should 
not exceed 40'. 

(3) The interval in R.A. between two stars 

of a pair should not be less than ono 
minute nor greater than twenty 
minutes. 

(4) The interval between the second star 

of one pair and the first of the next 
pair should not be less than one and 
a half minutes. 

(5) No star should be smaller than seventh 

magnitude; first and second magni¬ 
tude stars should he avoided. 

The general principle of tho Talcott method 
is illustrated by the formulae 

whence <p-.= + 

2 2 

where <p is the latitude of the station, j\j, (' 9 
are the Z.D.’a of a pair of north and south 
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stars, whose declinations are <5 N , S g . It will 
be at once apparent that is immedi¬ 

ately dedueible from the micrometer eye-piece 
readings, dislevelment, as indicated by the 
levels, being duly allowed for. 

It is necessary also to determine the inclina¬ 
tion of the transit axis to the horizontal, and 
for this a striding level is used. If W t , W 2 , 
and Kj, E 2 are the level readings of the western 
and eastern ends, when the level is placed 
on the transit axis and reversed, the inclina¬ 
tion i — (W, + W a -- E, - E 2 )(m/4), ii being the 
value in seconds of one division of the bubble. 
The correction to the time of transit of a star 
is */15 cos f see 5, where { is the zenith distance 
and <5 the north polar distance. The deviation 
of the instrument is allowed for in computing 
the distance from the meridian at which the 
star was observed; for this must also be 
known chronometer error, eollimation and I 
inclination. Collimation error in azimuth 
has therefore to be determined. 

(ii.) Latitude by Prismatic Astrolabe. — A 
description of this instrument is given, § (0) 
(iii.). By its means latitude and time are 
Simultaneously determined. 

§ (9) Determination of Lonoitttde. — 
Longitude observations all depend on the 
accurate determination of local time. Time j 
may bo found by 

(i.) Timing of star meridian transits. 

(ii.) Observing time at which east and west 
stars arc at a known altitude, this 
altitude being observed. 

(iii.) Using the Prismatic Astrolabe in 
method (2), the altitude then being 
very approximately 00°. 

(i.) Meridian Transits. - The usual transit 
instrument is a telescoj* 1 with bent eye-piece, 
set up approximately in the meridian. It 
is equipped with an arrangement l>v which 
it may be swung round 180° in azimuth, by 
lifting the tclescojK? off its Y hearings and 
replacing it thereon after reversal. In the 
usual type the eye-piece has three groups of 
vertical cross-lines. A, B, C, each containing 
some five lines. The plan of the observation 
is to observe the time at which a star crosses 
each of the wires of group A, when the 
instrument Is face west (or east), and, after 
turning through ISO', observing the time at 
which the same star crosses the same wires, 
the instrument now being face east (or west). 
The mean of these observations is clearly 
free from collimation error. Timing is usually 
done by means of a tappet in circuit with a 
chronograph, and so all the instants of transit 
are recorded graphically. 

An alternative device! is to have a micrometer 
eye-piece which is traversed so that the star 
remains intersected for some moments, and 
suitable electric contacts in tho micrometer 
(12 (e), p. 10) cause a record on tho chrono¬ 


graph at the instant the star roaches certain 
definite positions, if the same observations 
are made with instrument reversed tho mean 
of the results is obviously reduced to a centre 
position free from collimation error. 

Errors of adjustment of the instrument, alike 
as regards horizon t-ality of the transit axis, 
perpendicularity of this to the line of collima¬ 
tion, and deviation of the line of collimation 
from the meridian, usually exist. The second 
of these has an effect which cancels in the 
means of observations face west and face cast. 
The first may lx* determined either by st riding 
level or by a method of auto-collimation in 
which the cross - lines and their image by 
reflection in a mercury hath (when the instru¬ 
ment is pointed to the nadir) are observed, a ml 
the discrepancy of position of a line and its 
image are measured, in the two azimuthal posi¬ 
tions of the instrument. The deviation error is 
determined by observations to azimuth stars 
of large zenith distance, whose time of transit 
is noted. The time stars are chosen of as small 
zenith distance as possible, when the deviation 
error has a minimum effect. 

So far the determination of local time has 
been dealt with. To find the longitude it 
is necessary to find the local tune of some 
occurrence which is observable at both ends 
of the longitude are. Formerly this was 
arranged for by sending a group of signals 
from one end of the arc to the other by means 
of electric telegraph. These were duly re¬ 
corded on the same chronograph as the local 
time observations, whereby tho local time of 
the signals was recorded. More recently 
arcs have been measured with the help of 
wireless telegraphy. This lias very much 
widened the scope of the observation, as it 
is no longer necessary for a longitude station 
to bo in the vicinity of a telegraph office. In 
general, stations of principal triangulation 
and telegraph offices are not closely situated, 
and connection by triangulation is not easy. 

I Unite recently, with the introduction of 
thermionic valves into wireless apparatus and 
j the corresponding increase of the range at 
| which signals can bo perceived by a portable 
field equipment, a still further advance 
appears feasible. Observations of the daily 
! time signals sent- out from one of tho large 
j stations such as Eiffel Tower, Nauen, New 
! York, etc., may be made at most, parts of the 
! globe, and combined with local time observa¬ 
tions should suffice to determine the longitude 
of tho place, relative to the emitting station. 
This presumes that tho time signals are very 
precise, which is understood to be the case. 

(ii.) East and West Stars .—The time 
may be found with considerable precision 
from observations of tho altitudes of a number 
of east and west, stars and the chronometer 
times corresponding to these altitudes. The 
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stars should bo selected in pairs, one cast and 
ono west, placed- symmetrically with respect 
to tho meridian. This method would not he 
employed if a transit instrument were available, 
but can be carried out with a theodolite. Tho 
vertical circle has to be read, and any gradua¬ 
tion error in it introduces an error into tho 
deduced time. 

(iii.) Prismatic Astrolabe .—This instru¬ 
ment was invented by MM. Claude and 
Drieneourt and is made by M. .Jobin of Paris, 
in three sizes. The writer has not seen-any 
account of the actual field perfornumee of the 
two larger size instruments; but even tho 
smallest gives excellent results. The follow¬ 
ing description is taken from l)r. Ball’s 
handbook (16 {a) t (6)): 

The essential features of the instrument, are shown 
diugrammatieally in Fig. An equilateral glass 



prism, E, is placed in front of the object-glass of a 
horizontal telescope, AA, the hack of tho prism 
being normal to tho optic axis and the edges of the 
prism being horizontal. At 1* is an artificial horizon 
formed by a horizontal mercury surface. Two 
parallel rays, SS, from a slat', one incident on tho 
prism and the. other on the mercury surface, will 
form a pair id images in the plane of the principal 
focus, /, of the. objective, which images will be co¬ 
incident at the instant when the star's altitude is 
exactly 60', but will be separated as the star's 
altitude (fillers from t>(>\ An observer looking 
through the telescope at a star which is about to 
pass the altitude-circle of 0t.r will see two images 
which gradually approach and pass each other ; ami 
observation of the time at which the images pass each 
other will give the instant at which tho star attains 
the altitude 60°. • 

It- will be perceived that tin* reason for making the 
angles of the prism 60' is that the rays from the star, 
both direct and rctlee-ted, enter the prism-faces 
normally ; they are then totally reflected within the 
prism, and ultimately leave the back face of the, 
prism, again normally, to enter the telescope. Tho 
equilateral form of the prism is the only one by which 
these conditions can ho attained. Tho prism is tho 
vital feature of tho- prismatic astrolabe, and tho 
performance of the instrument depends almost 
entirely on tho perfection of its workmanship. 
The faces must he truly plane, in order to give clear 
and well-defined images, the edges must fie parallel, 
and the angles must ho very nearly 60". So high is 
the degree of perfection reached by the maker in the 
optical workmanship of the prism that he can 
guarantee the instrument to give altitude constant 
to within 0*-l. This does not mean, of course, tfiat 
the prism angles are within 0" - l of 60 ', for it can ho 
shown that, provided the faces are plane, a devia¬ 


tion of T from the 60° angle can he permitted with¬ 
out affecting the constancy of altitude by more than 
0"-l. If the working angle of the prism is very 
slightly greater or less than 60', the only elfect is that 
the stars will be always observed at an altitude 
differing slightly from 60°, the altitude being, in 
fact, equal to 601 l-8u, omitting refraction where 
a is the departure of the prism angle from 60'. For 
it can be shown that the error in altitude is given 
Hn — 1 

l>y a, n being the refractive index of the 

prism lift-'1-52; the correction is I -8a. 

In Dr. Ball's method the latitude, time and 
constant elevation at which stars are observed 
arc regarded as unknowns ; and observations 
to three stars aro theoretically sufficient to 
determine these three quantities. It is de¬ 
sirable, however, to pair stars, so the mini¬ 
mum observation is to four stars, one in 
each quadrant. For geodetic purposes this 
number would be considerably increased. For 
computation, a simple graphic process has 
been devised. Dr. Ball has also arranged 
very convenient tables whereby suitable 
stars are readily selected. Referring to the 
smallest size instrument, when (fight, stars are 
observed, he says, “A very little practice will 
enable an observer to determine the time 
within one-tenth of a second and the latitude 
within about one second, by a couple of boms’ 
observation.” This is sulVuficiitly precise 
for most geodetic purposes even. Moreover, 
the computations may be nearly completed 
before the observations are begun, whereby 
results can l>o obtained almost immediately 
after tho observations have been completed— 
in some eases a great advantage. 

It will be seen that the observation, com- 
billed with wireless signals and Iriangulution, 
will give the deflections both in meridian and 
prime vertical — thus doing the work of 
zenith telescope and transit instrument. 

In a discussion of the prismatic astrolalic 
at the R.tJ.S. (16 (c)) attention was drawn 
to an optical difficulty due to the two images 
being formed, each by only half of the tele- 
scope objective. It was staled that, this gave 
an elongated imago four times as long as 
it. was wide; and that this would prevent 
tho astrolabe from ever being an instrument 
of tho highest precision. This does not 
appear to be in accordance with tho actual 
experience of Dr. Ball (16 (d)). Another 
objection mentioned was the disturbance of 
tho mercury surface by wind. Unless this 
surface can be sufficiently protected observa¬ 
tions would only be possible when the air is 
calm. It would appear that u suitable screen 
could bo arranged to overcome this difficulty. 
For this Captain H. l\ Douglas, R.N., suggests 
a parallel plate of glass laid on the mercury. 
This would give a double image of the star 
by reflection. 

§ (10) Azimuth by Circumpolar Stars.— 
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This observation is made by theodolite, 
generally in the course of geodetic triangula¬ 
tion. Only close circumpolars (north polar 
distance less than 5°) are used, and these 
are observed when near to elongation. Tho 
criterion generally employed is that the change 
of tho star in azimuth shall not exceed 1" of are 
in ten seconds of time; so that the effect of 
error in the time shall be negligibly small. 
It is usual to select two stars, ono for eastern 
and the other western elongation. Tho time 
between elongations should bo arranged to 
permit of a sufficiently long set of observations 
on the first star to be completed before 
observations on the second are due to com¬ 
mence. The theodolite is set in tho meridian 
given by the triangulation, which is precise 
enough for finding the stars by setting the 
computed horizontal and vertical angles on tho 
circles. One station of the triangulation is 
selected as a referring mark, and the course 
of the observation is: Referring mark—star, 
change face, star — referring mark. • The 
chronometer times of the star’s crossing of 
some five vertical wires of the telescope is 
recorded; and from these it is jmsible to 
compute tho true azimuth of the star at each 
wire crossing. 

Additional star pairs, near to and north 
and south of the zenith are observed for time. 
Instrumental corrections comprise collima- 
tion, level, and deviation. The difference 
between the azimuth deduced from the star 
observation and that brought up by the 
triangulation, multiplied by tho cotangent 
of the latitude, is the deflection of the plumb- 
line in the prime vertical; except in so far 
as the triangulation is burdened by accumula¬ 
tion of observation error. As remarked above, 
this accumulation of error can be controlled by 
tho introduction of Laplace stations, at which 
both longitude and azimuth are observed; 
the former furnishing a correction to the 
triangulated azimuth. 

Ill, Discussion of Results and 
Reductions 

Tile apparatus and observations which 
have been described serve to determine values 
of the force and direction of gravity 
at actual stations, generally situated on the 
earth’s surface. The Eotvos balance gives 
the means of determining certain differential 
coefficients of the jxitentia), from which rate 
of change of “ g ” in any horizontal direction, 
and tho azimuth and difference of principal 
curvatures of the gooid, can be deduced. It 
is occasionally possible by observations in 
mines to find the same quantities at points 
below the earth’s surface. To get the results 
into comparable terms it is necessary that they 
should bo reduced to one datum level; and 


the obvious datum is the geoid. For this, 
the form of the geoid must bo found, and this 
is the first objective of a gravity survey. 

§ (11) Deflection of the Plumb-line.— 
In expressing results of tho observations 
for direction of the force of gravity it is 
customary to state the value of the “ deflec¬ 
tion of the plumb-line,” i.e. the deviation 
of tho vertical—along which gravity acts— 
from the normal to some spheroid which has 
l>een selected as representing in general tho 
form of the geoid. In tho same way the force 
of gravity which would occur if the earth 
wore actually bounded by this spheroid, which 
is also assumed a level surface of this hypo¬ 
thetical earth, may be represented bv a 
formula; the differences of observed gravity 
reduced to spheroidal level and the spheroidal 
formula value may at once be deduced. In 
this way values of the anomalies of gravity 
both in magnitude and direction are arrived 
at. The spheroid to which t hose anomalies are 
referred has not necessarily any physical 
significance, but may without objection bo 
used as a reference solid from which all 
anomalies may be reckoned, including those 
of density distribution. Starting with such 
a spheroid, it is next possible to extend the 
law of gravity to points situated above it; 
thus the force of gravity at a height one mile 
above it. may be written down, and also the 
amount by which tho deviation of the vertical 
(which is a curve) changes in this height. If 
it is assumed that the tuiual magnitude and 
direction of gravity change by the same amount, 
or approximately so, then this procedure will 
give a means of reducing observed values to 
geoidal level. This plan has generally been 
followed in reducing tho results of plumb-line 
deflections, and it has often, but not always, 
been used for reducing results for the force of 
gravity. It cannot, however, 1)0 completely 
justified. 

§ (12) Cause of Irueoularities.— It is 
char that at least a portion of tho anomaly 
either of force of gravity or its direction 
is the result of the irregularities of the 
earth’s surface, more especially those which 
are local. Those irregularities will not have 
the same effect at the station as at tho point 
vertically below it on the geoid ; so that some 
consideration of irregularities is necessary. 
There is also a complication due to anomalies 
of density at points* within tin; geoid. If 
tho form of the geoid be known, tho external 
effects of all internal matter are determinate. 
As its form is not strictly known, it may bo 
assumed, as a first approximation, to have 
those deviations from tho spheroid which are 
actually observed at stations above, it; and 
in this way it may be possible to reduce the 
observed values sufficiently correctly to 
geoidal level. Meanwhile the method so 
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far adopted is merely to correct tho doflection 
for curvature of the spheroidal vertical— 
in practice the correction is a very small 
quantity. As regards reduction of the force 
of gravity to sea-level, the first plan was 
merely to introduce the correction + 2c/7*/R 
which would apply to a point above a spheroid 
with no intervening mass—commonly called 
the “ free air ” reduction. A further correc¬ 
tion was introduced by Bouguer, after whom it 
is named, of amount — (33/.'/2AR). < /, being the 
effect of tho mass, intervening Oct ween the 
station and the gcoid, assumed to be a plateau, 
where 5 and A are the earth’s crustal and mean 
densities. With this is usually associated 
the typographical correction, which takes 
account of tho difference of form of the earth 
from tho Bouguer plateau. These latter 
corrections, however, are not planned to give 
the actual values of “ g ” on the gcoid vertically 
below the station ; but the value it. would 
have were the portion of the earth outside 
the gcoid bodily removed. Values of “ g ” 
thus arrived at are not actual values. They 
take part in an attempt to explain flic 
anomalies of “</,*’ not to state thorn. Hay- 
ford’s isostatic reduction, referred to below, 
has the same object in view. 

In some eases the corrections are introduced 
with opposite sign into the formula for “f/.” 
The anomalies are then clearly seen to be those 
occurring at ground-level. 

§ (13) Clairaut’s Theorem. — Allusion 
was made in ( 12 ) to the fact that if the 
form of the gcoid is determined, and the 
distribution of matter external to it is known, 
it is possible to calculate the effects of matter 
interior to the gcoid without any further 
information as to its distribution. It is 
easy to show that if any function expressing 
the potential at- points exterior to the gcoid 
is found, which satisfies the boundary con- 
dilions, this is a unique solution. This 
funct ion would enable “ g ” at any point on 
the gcoid to Ihj written down ; and hv Green's 
theorem of the equivalent layer the internal 
portion can be replaced by a hypothetical 
skin distribution over the gcoid of surface 
density gjiir. 

A particular ease of this is Clairaut’s 
equation, generalised by Stokes, 

VjOZJh = a„,| " ! 7 l, =jsm > X, 

']« ’ 3m “ 3 o 

where e is tho elliptieity of tho meridian, 
X is tho latitude, and m is the ratio of centri¬ 
fugal force at the equator to g n . This gives 
tho law of change of “ g ” at all points on a 
spheroid, assumed to be the bounding surfaco 
of any gravitational system of mass and 
also a surface of oquipotential, but otherwise 
independent of the internal arrangement of 
density. 


This deduction is made by neglecting squares 
and higher powers of the elliptieity. Helnicrt 
extended the solution to include the squares 
of the elliptieity, and this loads to a term in 
sin 2 2\ in the formula for ** g." His formula 
for gravity at sea-level and latitude X is 

(7—978-030(1 - -005302 sin 2 X - -000007 sin 2 2\). 
This is for continents; he gives a value greater 
on average by -030 for coast districts. For 
small islands a value greater by as much as 
0-3 may lx 1 , found. The corresponding value 
of the elliptieity is 1/298-3. These results 
were found from a consideration of 1000 
gravity stations, only 200 of which were 
occupied prior to 1880. 

Under certain assumptions, replacing masses 
external to a depth of 21 km. below the gcoid 
by a surface distribution at the 21 kin. depth 
level, Stokes showed that the elevation N of 
the geoid is given by 



in which It is the radius of the earth, g is the 
formula value of gravity, and F is a function 
of i \f/, \f/ is the spherical distance from the 
point, and A g^ is the mean anomaly on the 
circle defined by \p. 
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Helnicrt, assuming the masses external to 
the geoid, also the inner mass anomalies, 
condensed on tho geoid, where they together 
are equivalent to a thickness 1) of matter of 
density showed that approximately 


A0 = IS 





According to Hayford's theory of isostnsy, 
it appears that 31) 0 when compensation 

is perfect; but Helnicrt in 1910 considered 
his equation to show the variation in 1), 
regarding N as a very slowly varying quantity. 
Ho deduced that tho smaller densities which 
underlie mountains also extend laterally 
beyond the mountains ; and aro not confined, 
as postulated in tho present-day theory of 
isostasy, to tho volume directly below tho 
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mountains — a very natural arrangement, 
though not in full accord with Hayford’s 
theory. 

§ (14) Continents and Islands. —llclmert 
draws attention to a systematic difference be¬ 
tween the actual values of **g" for continents 
and islands, and says that it is in excess 
on coasts, small islands, and mountain ranges; 
and in defect in valleys and at the foot 
of mountains. Recent results in India uphold 
this as regards mountain ranges and areas 
at their feet ; but as regards coast stations 
the following residuals appear, in which y r , 
7 „ are the calculated values on the Hayford 
ami Bouguer hypotheses respectively (3, No. 
15, p. 178): 

g-y ( ,--0ll. p—y B + -030. 
Oolaba (Bombay) • -4 0-052 +0-002 

Cuttack . . . -0-005 +0033 

Madras . . . -0-004 +0-016 

The quantities 0*011 and 0-030 are introduced 
to make the formula values (it India best as 
a whole. 

I lei inert also says that the deviation of 
spheroid from geoid will scarcely exceed + 100 
metres; but with the discrediting of Hooker’s 
observations at sea, 1 and considering our lack 
of knowledge of gravity over the greater part 
of the earth’s surface, it is open to doubt 
whether this estimate can be accepted. 

§ (15) JsosTAsy. (i.) Bay ford's Theory .— 
Hayford’s theory of isostasy postulates that 
the amount of matter in any vertical 
column of the earth, bounded lielmv bv the 
surface of compensation and above by the 
actual surface of the earth, is the same for 
all columns of the same cross-section. The 
compensation surface is a surface parallel to 
the geoid. He has formulated a computation 
scheme for calculating the effects at *Unv 
station; and the calculations have been 
carried out for the United States by himself 
and Bowie (7 ( b) and 12). 

From this research 122-2 km. is derived as 
the most probable depth of the compensa¬ 
tion surface. Havford says (12 (b), p. 51)): 

“ One may properly characterise the isostatic 
compensation as departing on an average 
less than one-tenth from completeness or 
jierfection. The average elevation of the 
U.S. above mean sea-level l icing about 2500 
feet, this average departure of less than one- 
tenth part from complete compensation 
corresponds to excesses or deficiencies of 
mass represented by a stratum only 250 feet 
(70 metres) thick on average.” 

Similar treatment has been applied to 
numerous stations in India. The first verdict, 
was that compensation was by no means so 

1 Puffieid (14 (h), p. 188) h.tys the error i-< of 
the order of one-third of a kilometre in the height 
of the geoid relative to the spheroid of reference. 


complete in India as Hayford anil Bowie 
had found it to be in U.S.A. Up to this point 
no account had been taken in the computations 
of the known and inferred anomalies of density 
of tho crust. Naturally when matter of low 
density is found at the surface it is rather a 
matter of conjecture as to how far this low 
density will persist. To take the case of 
alluvium, it is necessary to know to what depth 
tho alluvium extends, and to what extent it 
becomes compressed in its lower layers. 
Moreover, the amount of water which it con¬ 
tains is ‘unknown ; and this affects the total 
density. In dealing with the case of the 
results of the Imlo-dangetic plain, Burrard 
(3, No. 17) takes anomalous densities into 
account, and derives depths which w ill account 
for the observed facts, on the assumption that 
comjK'nsalion is perfect. In this connection 
also see Bil*. 30, 31. 

As indicating' a view which lias been 
reached on the subject of isostasy iu recent 
years, the following is quoted from Bib. 14 («). 

(ii.) Sir S. G. llnrmrd .—Archdeacon Pratt 
enunciated this hypothesis (of isostasy) 
fifty years ago, anil although we have been 
frequently led by unexplained anomalies of 
gravity to question it., yet the more we in¬ 
vestigate the stronger becomes our conviction 
that Pratt’s hypothesis is universally correct. 

I have often met, with gravity anomalies which 
seemed in opposition to Pratt's view, but 
after further detailed investigation these 
anomalies have been actually found to con¬ 
firm him. Since the days of Pratt tho history 
of isostasy has been to a large extent a record 
of misconception. It lias been stated in 
text-books that, although large mountain- 
masses like the Alps arc isostaticallv com¬ 
pensated, small mountains are not. I do 
not sen why such a small body as the Great 
Pyramid should not be compensated- all 
we can say is that the means at our disposal 
are not sufficiently refined to enable us to 
jutlgc whether it is compensated or not. 
The alluvial plains of the Mississippi and of 
tho Ganges are always having additional 
loads of silt deposited upon them, but these 
loads are compensated as soon as they are 
laid down by decrcisa of density in the. crust. 
When Pratt enunciated his theory. Airy 
suggested that tho mountains were floating. 
But isostasy is not, flotation. ...” 

(iii.) Professor Lore. — “The principle of 
isostasy goes far beyond an empirical assump¬ 
tion designed to co-ordinate the results of 
geodetic observations. It is an hypothesis con¬ 
cerning the mechanical state of the matter 
composing the Earth. . . . The distribution of 
mass in the Earth must be such as not to 
disturb seriously either the spheroidal form 
of tho geo : d or tho way in which gravity 
varies over the geoid. Tho hypothesis meets 
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these eruditions by assuming that the Earth 
consists of a comparatively thin crust and a 
core, that the inner boundary of the crust is 
an equipotential surface at a practically 
constant distance beneath the gcoid, that the 
matter of the core is so arranged that surfaces 
of equal density are equipotential surfaces, and 
that the matter of the crust is so arranged 
that equal masses of the crust (and ocean) 
stand on equal areas of the surface of the core. 
The last is Pratt’s principle of compensation. 
The mechanical state of the core is assumed to 
be one of hydrostatic equilibrium. ...” 

(iv.) Sir Joseph ].armor.— “ Stokes recognised 
that from experiments on the Earth’s surface 
we could draw no certain conclusions as to the 
nature of what was underground. However, 
wo could make conclusions of more or loss 
probability with regard to the first 60 miles 
or so below the surface. ...” 

(v.) I)r. Jeffreys held that “ there is no reason 
to assumo com|x*nsation for small areas, for 
the stresses which would result w'ould be near 
the surface whore the material is strongest.” 

(vi.) Further Considerations. — For the 
theory, as dealt with by Ilayfnrd, to bo true, 
it is necessary to suppose that crustal 
anomalies of density have no appreciable 
elTect in general. On the other hand, if 
they have appreciable cfleet, there is great 
difficulty in computing these effects, as the 
extent' of the anomaly is not usually known. 
To derive the extent, as Burrard has done, 
on the basis of complete compensation is no 
proof of the existence of such compensation. 

There are mechanical reasons, based on the 
yield of materials to great pressure, which 
make the idea of isostasy in a general way 
an inevitable, conclusion. Few geodesists 
would negative the idea of a continent being 
compensated as a whole. But the number 
who would go to the other extreme and say 
that every small earth feature is compensated 
is very much smaller. 

lu his observations on the voyages from 
England to Australia, via Suez, and hack 
via Cape Town, Duffield found a variation 
of **g" with depth of water (11 (/>), p. 14). 
He says: “The results, if confirmed, will 
very seriously limit the application of the 
isostatio theory of the earth’s equilibrium, 
sineo over the Indian Ocean the value of 
gravity is 0-2 to 0-3 cm./sec. 2 less than that 
demanded by the mathematical expression of 
Pratt’s hypothesis—a very appreciable amount 
in gravitational units. The compensation 
apjM’ars to be less complete than the simple 
theory had led us to hope. The above 
suggestions are put forward tentatively and 
with due regard to the nature of the evidence 
on which they are based.” 

§ (16) Majouana’s Quenching Factor.— 
A number of attempts have been made 


| <o see whether mailer absorbed gravitation, 

! Krismann (24) found that, such effect, if aijy, 

; was less than l in 1000; but Bottlinger 
j stated (25) that the attraction between two 
i masses is reduced- when a third mass is in- 
j trodueed between them. In 1019 Majorana 
i (26) found a similar effect and derived a 
j “quenching factor” representing this, which 
| amounted to 6*73 xlO 12 . He made an 
apparatus whereby a leaden ball could be 
i weighed, and, without any other disturbance, 

• could then bo surrounded by a large mass of 
! mercury and weighed again. The ball lost, 
| 7-7 y 10~ 10 of its w'eight in the second case. 

! Applying bis quenching factor to the case 
! of the sun, he computes that the sun’s 
mean density is actually 4-27, instead of 
the apparent density 1-41 usually accepted, 
i Further experiments on a larger scale are 
i contemplated. 

§ (17) Temperature Effect. — Other 
physicists have experimented to find whether 
gravitation is in any way dependent on tern- 
; perature. Southern (27) found no effect as 
great as 1 in It) 8 for 1‘ 0. But Shaw (28) 
found an appreciable effect. This has been 
criticised by Larmor (29). 

§ (18) Relativity. —To Einstein’s theory 
of gravitation, which has occupied so much 
1 attention in recent years, especially since con¬ 
firmed by the solar eclipse observations of 1919, 
it is not necessary to refer here. Though 
this fundamentally affects ideas of the cause *>( 
j gravitation, it does not appear to enter the 
> question of a gravity survey over the earth. 

| Publication! 1 on this subject are so numerous 
i that they cannot be enumerated here. Those 
interested should refer to the articles on the 
j subject. 

j § (19) Survey Results. —For the results of 
! gravity surveys the reader is referred to tho 
! publications of the Survey Departments con- 
i corned, and of tho International(Jeodetie (‘on- 
} feronce. All known results for “g” from 1808 
: to 1909 are collected in one volume (7 (c)); 

I while in Bib. 3. No. 16, all deflections and 
| values of “</” in India up to 1920 are tabu- 
i lated. Bib. 12 ( d ) contains a very complete list 
of publications on the subject of isostasy. 

| J. HE CL IT. 

Birliooraphy 

Numerous references may bo found to gravity 
j survey and theory in the.publications of Hie Inter¬ 
national Geodetic Association, Prussian Geodetic 
Institute. Survey of India, United States Toast 
and Geodetic Survey, and other Survey Departments. 
Only the more important of these and other 
1 publications are referred to below. 

t. (,j) Crodesi/. By Colonel A. It. Clarke, It.F.S. 
j Oxford, 1SS0. 

! (M Theories tier hi here)) Geodiisie. By Dr. F. 

It. Itehnert. Leipzig, lsst. 

! 2. Account of the Operations of the (treat Tn\mo- 
metrical Stine)/ of India. 

(a) Astronomical Latitudes. 

Yol. \i. Debra Dun, 1890. 
i Yol. xviii. J>ehra Dun, 1900. 
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( b ) Telegraphic Longitydes. 

Vol. ix. Dehra Dun, 1883. 

Vol. x. Dehra Dun, 1887. 

Vol. xv. Dehra Dun, 1893. 

Vol. xvil. Dehra Dun, 1900. 

(c) Pendulum Operations. 

Vol. v. Dehra Dun. 1879. 

3. Professional Pnjiers of the Survey of India. 

No. 5. " The Attraction of the Himalaya Moun¬ 
tains upon the Plumb-line in India.” 
By Major S. G. Burrard, 11.K., F.R.S. 
Dehra Dun, 1901. 

No. 10. " The. Pendulum Operations in India, 
1903 1907.” By Major (1. P. Lenox 
Conyngham, K.K., F.K.S. Dehra Dun, 
1908. 

No. 13. " Investigation of the Theory of Isoslasy 
in India.” By Major Tl. L. CrostUwait, 
K.K. Dehra Dun. 191*3. 

No. 15. “ The Pendulum Operations in India 
and Burma, 1908-1913.” By Captain 
Jl. J. Couehman, D.s.O., M.C., R.E. 
Dehra Dun, 1915. 

No. 10. "The Karth’s Axes and Triangulation.” 
By J. de Oraatf Hunter, M.-\., Se.l). 
Dehra Dun, 1918. 

No. 17. “ Investigation of Isostas.v in Himalayan 
and Neighbouring Regions." By Col. 
Sir S. ('{. Burrard, K.C.S.I., R.K., F.lt S. 
Dehra Dun, 1918. 

4. jR oy. Sor. Phil. Trims., Ser. A. vol. eev. 1905. 

" On the Intensity and Direction of the Force, 
of Gravity in India.” By Col. 8. O. 
Burrard, B.K., F.K.S. 

5. Encyclopaedia Jiritnnnicd. Eleventh E< lit ion. 

Cambridge, 1911. 

Articles: (a) “ Oeodesy.” 

(/>) “ Earth. Figure of the.” 

(r) “ Gravitation.” 

G. Ver'dffentUchung den PrensaischcGeodiitischen 
I nsl Hides. 

No. 27. " Bestimmung der absoluten (Srbsse 
dor Schwerkraft zu Potsdam mit liever- 
slonspendeln." Von Dr. F. Kidmen und 
Dr. I'll. Furtw.'ingler. Berlin, HMMJ. 

Nos. 32, 49. " iieobachtungen an Horizontal- 
j>f*ndeln iiber die Deformation lies Erd- 
Ivorpers untcr dem Eintlu.-s von Sonne 
und Mond.” Von Dr. (>. } locker. 

Berlin, 1907, 1911. 

7. Comples re ad'is des seances de l' Association 

(IfodHi'/ue / ntcrnationale. 

15me. conference ii Budapest, 190(1. Vol.i. Leyden, 
190S. 

(a) " Bestimmung der Gradicnten der Schwer- 

kraft. und ihrer Niveaullachen mit lluli'e 
der Drehwage.” Von Baron Roland 
Edtvns. 

( b) Report, for the United States, pp. 198-334. 

By O. H. Tittmann and John F. Hayford. 
16me. conference a Cambridge, 1909. Vol. i. 
Berlin, 1911. 

(c) “ Bcricht iiber die rclat.iven Mcsstmgen der 

Schwerkraft mit Pendelapparat.cn in 
der Zcit von 1S08 bis 1909 und iiber Hire 
Darstellung im Potsdamer Sehwcre- 
systom." Erstattet von E. Borruss. 

8. Roy. Sor. Proc., 1899 vol. xlv.; also Phil. Trans. 

A, vol. exciii. 

“ On a Quartz Thread (iravity Balance.” By 
It. Threlfall and J. A. Pollock. 

9. Zentralbnrean der internaliunalen Erdmessung. 

No. 11. " Bestimmung der Schwerkraft attf 

dem Atlantisehen Ozean.” 1903. Von 
Dr. O. Decker Berlin. 

No. 16. “ Bestimmung der Schwerkraft auf dem 
Indischen und Grosson Ozean.” 1908. 
Von Dr. Q. Decker, Berlin. 

No. 20. ” Bestimmung der Schwerkraft auf dein 
Sehvvarzen Meere.” 1910. Von Dr. O. 
Decker, Berlin. 

10. Roy. Sor. Proc., 191(1, vol. xfii. Ser. \. • 

(/t) ” Apparatus for the Determination of (iravity 
at Sea.” By W. G. Duflield, D.Sc. 

(b) “ On the Determination of (iravity at Sea.” 

By Sir Arthur Schuster, F.R.S. 

11, British Association Reports, Beet ion A. 

(c) “ Determination of (iravity at Sea.” Man¬ 

chester, 1915. By VV. (J. Duflield, D.Sc. 


(ft) “ Determination of Gravity at Sea.” New¬ 
castle, DUG. By W. G. Duflield, D.Sc. 

(c) “ Determination of Gravity at Sea.” Bourne¬ 
mouth, 1919. By W. G. Duflield, D.Sc. 

12. United States Coast and Geodetic Survey. 

(a) " The Figure of the Earth and Isostasy from 

Measurements in the. U.S.” By J. F. 
Hayford. Washington, 1909. 

( b) “ Supplementary Investigation in 1909 of the 

Figure ol' the Earth and Isostasy." By 
John F. Hayford. Washington. 1910. 

(c) ” The Etfeet. of Topography and Isostatic 

Compensation upon the Intensity of 
(iravity.” By John F. Hayford and 
William Bowie. Special publication No. 
11. Washington. 1912. 

(d) “.Investigation of (iravity and Isostasy.” 

By William Bowie. Special publication 
No. 49. Washington, 1917. 

(c) “ Determination of Time, Longitude, Lati¬ 
tude and Azimuth.” By William Bowie. 
Special publication No. 14. Washington, 
1913. 

13. Journal of Urology, University of Chicago 

Press, Oct., Nov. 1911. " The Theory of 

Isoslasy." By Harmon Lewis. 

14. The Obsrrrntorn. London. Taj lor and Francis, 
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above by banner and Iteplv bv Sfiaw. 
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the Meet of the Oanyetic Alluvium on 
the Plumb-line in Northern India." By 
R. D. Oldham, IMt.N. 

(b) I'roc. Itni/. Site. A, 1915, xci. 220-238. "On 
the Origin of the indo-Oangetlc Trough 
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(luiDlNG Surfaces, accuracy of, in construc¬ 
tion of machines. See “ Metrology,” IX. 
§ ( 34 ) (i.)- 


-ri- 


Hail : 

Equations for formation of, in adiabatic 
conditions. See “ Atmosphere, Thermo- 
dynamics of the,” § (21). 

The electrification of. See “ Atmospheric 
Electricity,” § (24) (ii.). 

Hair : variation of length with humidity. 

Sec “ Humidity,” 11. § (10). 

Halos : 

Bougucr’s. See “ Meteorological Optics,” 

5 (1 f). 

Historic examples of. Sec ibid. § (17). 

Of 22 '. See ibid. § (20) (i.). 

Of 4t>\ See ibid. § (21) (i.) el seq. 

'J'heories of. See ibid. § (IS). 

See also “ Parhelion,” “ Anthelion, ” “ Arcs,” 
elc. 

Harmonic An vlvsis ok Ticks : a method of 
tide prediction which represents the tide at 
any port by a series of simple, harmonie 
terms, and whose period is determined from 
theoretical considerations, but whose ampli¬ 
tude and phase are found from observation. 
See “Tides, and Tide Prediction,” tj (5). 
See also “ Fourier's Series,” Vol. J. 

II rad Hod : an instrument used for measuring 
diameters of barreland also as a computing 
rule. See “ Volume, Measurements of,” 
§ («>■ 

Hkat: in the atmosphere. See “ Radiation,” 
§ (3) (iv.). 

Transference of, from the earth to the 
atmosphere. See. ibid. § (II) (ii.) and (iv.). 
Heat-engine, comparison of atmosphere wifrh. 
See “ Atmosphere, Thermodynamics of 
the," §§ (1), (10), (22) (20). 

II rights, Computation ok, kkom Pressures, 
old international meteorological formula for. 
See “ Barometers and Manometers,” § (10) 
(ii.). 

Heights, Determination ok, by the Baro¬ 
meter. Sec Barometers and Mano¬ 
meters,” $ (10), 

Assuming that the temperature decreases 
uniformly with the height according to 
thulaw T 

the height is given by the formula 



See ibid. § (10). 


Assuming that the temperature is constant 
ar.d equal to 1” absolute, the height, is 
given by the formula 

See ibid. § (10). 

Hemisphere, Projection suitable for, is 
Airy's projection by balance of errors, or 
Clarke's minimum error perspective. See 
” Map Projections,” § (8) (xxxiv.). 

Horizon : 

Distance of: etl’eet of meteomlngioal con¬ 
ditions on. See “ Meteorological Optics,” 
,§(»)• 

Formula for depression of. See ibid. § (8). 
Horizontal Balance Beam, as used for the 
determination of the constant, of gravita¬ 
tion. See il Earth, Density of the,” § (4). 
Hudson's House-power Computing Rule. 

See “ Draughting Devices,” p. 272. 
Humidifiers : 

Ilowarth's champion system. See 

“ Humidity,” 11. $ (Id) (iii.). 

Mather am 1 Platt's vortex system. See 

ibid. II. § (Id) (i.). 

Smethurst system. See ibid. II. § (Id) (ii.). 

HUMIDITY 
I. Oeneral 

The term Humidity is employed in Physics 
to denote the presence of invisible water- 
vapour in a space or diffused through a gas. 
In mist or fog water exists both its a gas 
and as a liquid. Invisible water-vapour is 
dealt with in this section, whilst mists, fogs, 

( and clouds are treated in the sections devoted 
to meteorology. 

The amount of water-vapour may be 
measured either by its pressure or by its 
mass in a unit volume. If a be the actual 
pressure of the water-vapour present, and if b 
lie the maximum pressure that water-vapour 
in presence of liquid water can exert at the 
same temperature, then afh is called the 
"relative humidity”; and 100 times this 
quantity is called the “ percentage humidity.” 
The same statements are true if the space 
be occupied by a gas with which the water- 
vapour docs not net chemically, and through 
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which the vapour is uniformly distributed. 
Such a gas is air, and man is particularly 
concerned with this case sinco he Jives and 
works in air. 

The maximum vapour pressure b of water- 
vapour in a vacuum, or, as it is sometimes 
called, the saturation pressure, depends on 
the temperature and upon nothin" else. This 
has been regarded as settled since Regnault 1 
published his table of the pressure of water- 
vapour at different temperatures. For the 
sake of brevity we shall use the letters M.V.P. 
for maximum vapour pressure. 

It was first enunciated by Dalton that the 
M.V.P. of water in a closed vessel in presence 
of liquid water at the same temperature is 
the same, no matter whether there be air 
present in the vessel or not. Regnault 2 veri¬ 
fied this law by experiments in vacuo, in air, 
and in nitrogen. The pressure in air was 
obtained for thirty-four temperatures lying 
between the limits 0 : <_’. and 38° (The results 
obtained show a pressure in air less than that 
for vacuum by amounts varying between 
0*10 mm. and 0-74 mm., the mean being 
0-44 mm. In nitrogen the mean was 0-56 mm. 
These differences, though very irregular in 
amount, are considerable and always in the j 
same direction, and might be held to show that j 
Dalton’s law is only approximately true, hut 
Regnault himself suggested that they might 
be due to some constant error. In fact, lie 
attributed the diminished pressure of vapour 
to the molecular action of the glass vessel 
producing condensation, the slowness of dif¬ 
fusion preventing the pressure reaching its 
maximum value by subsequent evaporation. 
This method of accounting for the discrepancies 
between calculation and experiment was con¬ 
firmed by Herwig 3 by experiments upon the j 
compression of vapours. It was found •that ; 
the pressure of the vapour could be increased 
beyond the point at which a deposit was first | 
formed on the sides of the vessel, and that the j 
vacuum maximum pressure was this increased 
pressure. It may be concluded that Dalton’s 
law is strictly true provided that the air is 
saturated in such a manner as to avoid the 
molecular action of the sides of the vessel. 

We next inquire as to the effect on the 
M.V.P. when water undergoes the change from 
the liquid to the solid state. Professor James 
Thomson 4 has discussed this matter from the 
theoretical standpoint. The M.V.P. at 0" is 
only 4-0 mm., consequently if the water be 
in a vacuum the pressure due to its vapour on 
it will be nearly one atmosphere less than the 
ordinary pressure. It can lie shown from 
this that owing to the expansion of water ! 

1 Jt flat ion licit c.rftrrimrcM, Mr moires tic /'. 1 nulriit ic t 
t. xxl. 

* Ann. i/f Cftimif, 1813, :Jril scries, xiv. 

' Ann. rwwii. 

♦ /'w, H.S., 187^. 


on solidification the temperature of freezing 
in vacuo is -I 0 0075° (.'. 

If we construct a diagram in which the 
ordinates represent pressure and the abscissae 
temperature this point is represented in Fig. 1 
at T, where PTE is the M.V.P. curve of water 
in equilibrium with its vapour, NTQ is a line 
representing the M.V.P. of water-vapour in 
equilibrium with 
ice, and MT a line 
representing the 
pressure at which 
water*is in equi¬ 
librium with ice. 

James Thomson 
called the point 
T where these 
three lines meet 
the triple point. Experimental values have 
been obtained for each of those curves. It is 
of importance that the ice-vapour and water- 
vapour curves should be accurately known, 
as the temperature of the air frequently passes 
below U : ' The quantity b, in the opening 
paragraph, must be obtained from the corre¬ 
sponding curve according to whether we arc 
dealing with a liquid-vapour or a solid-vapour 
equilibrium. The curve PTE extends upwards 
to the critical temperature of the liquid, which 
in the case of water is about 3<i(J' ('. 

As to tables of the M.V.P. for water, that 
• »f Regnault-Biooh 5 for the range — 190° to 
101° is to be found in Randolt and Born- 
stein’s P/nfsikalisch-chctn incite Tabdltn , 1894 
edition ; the same table, improved by Wiebe 
and referred to the hydrogen scale of tem¬ 
perature by Thiosen and School, is found in 
the 1905 edition of the same work, which also 
contains tables by Schorl for the M.V.P. of 
water-vapour over ice. The latest table of 
the Keiehsanstalt (Thiesen, Holborn, and others, 
1908) is to he found in Kaye and Baby’s tables, 
p. 40 (Longmans, 1911). For ordinary pur¬ 
poses use may he made of any of these tables, 
as the differences are not large. 

IT. Instruments, Condensation 

The methods of finding the amount of water- 
vapour in air may he arranged in five classes : 
(1) depending on finding the dew-point, (2) de¬ 
pending on the lowering of temperature of 
a wet-bulb thermometer due to evaporation, 
(3) in which the actual mass of water in a given 
volume of the air is measured, (I) depending 
on the change of pressure of the air when the 
water-vapour is removed by absorption, 
(5) depending on the use of hygroscopic sub¬ 
stances. The continuous record of the relative 
humidity from time to time is made generally 
by taking advantage of the hygroscopic pro- 

6 True, rt in dm. tin Hut. internal, d-s Pouts ct Mes„ 
1881, 1. A, 3.4. 
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perty of certain substances, hair (l)e Scuisauro), 
thin'sheets of ('elatine, horn, etc. Many forms 
of apparatus have been proposed for earryinp 
out these methods, and it would lie impossible 
to attempt the description of them all. Conse¬ 
quently we shall confine ourselves to those which 
are of more genera! use, or of special interest, 
'Pile dew-point is that temperature at which 
the. air would lie saturated with the water 
vapour in it, and in consequence it is the 
temperature at which condensation of the 
water to the liquid form should first he 
observed. Krmn the tables of iVl.VJ’. the j 
pressure eorrespomlinic to the 1 dew-point, is 
obtained, and Unit is the actual V.l‘. existing 
in the air. Dalton found the dew-point using 
a bright metallic cup containing water which 
was cooled gradually by milling colder water 
or ire. When the'outside of (lie cup was 
first observed to become misty from conden¬ 
sation the temperature of the water was taken. 
Del it be I. Then tile cup and its cnnlcilts 
were allowed fo warm, and the temperature T j 
at. which the mist disappeared was taken. 
The mean of the two observations was assumed 
to be the dew-point. The diftieulty of the 
experiment, is to make up one's mind when 
III,, surface is dimmed first by moisture, since ( 
reflections on the bright surface disturb the . 
judgment of tlie observer. J 

fi (1) 1)j.;w - eoiNT ILyiiiuimetkks.— lktniell 
designed an apparatus for the purpose. It 
consists (/'7c/. i) of a small eryophorus eon- 
taming ether, one 
limb of which, c, is 
longer than the other 
and terminates in a 
I with /), ell her of 
black glass or with 
a gilt haul] round it. ! 
ml which I he dew is 
formed. In the long 
limb is a thermo¬ 
meter with its bulb 
ini mersed ill t he 
ether. The other blilf 
is covered with 
instrument is to he 
used all the ether is passed over into the 
|„,||, I, by inversion. I hi allowing a few drops 
of el her to fall on the muslin t he vapour 
within a is eiiinlciised, and fresh vapour rises 
from the surface of the ether m the blackened 
| )U lh; I,, e.onseqlienee that bulb is reduced in 
temperature. This operation is confirmed unt il 
a ring of condensed moisture appears on the 
outside of h at the level of (lie junction "f 
the ether and vapour. The temperature of 
the enclosed Ihernn,meter is noted, and is 
again noted when, the whole apparatus being 
allowed to warm, the condensed moisture 
disappears. The mean of the two temperatures 
is taken as tile dew-point. 



Fill. 3. 



muslin. Y\ hen tlx* 


ltognault’s hygrometer {Fig. ff) consists of 
a glass tuhe terminating in a very thin and 
highly polished silver thimble containing ether. 
The cork which closes the tube has passing 
through it a long tube going to the bottom 
of the ether, a 
short tube, and 
a thermometer 
with its bulb in 
t he et her. The 
short tube is 
connected to an 
aspirator. When 
tin* aspirator is 
set running air is 
drawn through 
the ether, and 
soon moisture is 
formed on the 
silver thimble. 

Owing to file 
high conductivity 
of silver and the 
constant, stirring 
caused by the 
current, of air, it 
is obvious that 
the thermometer 
must indicate 
very nearly the 
temperature of 

the external face of the thimble. In order to 
recognise the first appearance of dew by com¬ 
parison, a second silver thimble is set near the 
lirst, and the two are seen by the observer 
looking throtiuh a telescope some Rt metres 
a wav. Tin* t -leseope must have a sullicient. 
magnifying power to enable the thermonicteis 
to be read. Another thermometer, placed in 
the empty second thimble, is read for the 
temperature of the air. The observer is 
sufficiently far off not to affect the hygro- 
metrie state of the air. With a little 
experience the tap of the aspirator can be 
rcirulatrd until the moisture is seen to 
form, and then the tap is closed. The tem¬ 
perature is read and the apparatus is allowed 
to beat, when a second reading is made. 
The mean of the two readings is taken as 
j the dew-point. 

| The readings of dew-point hygrometers are 
j affected by the presence of the observer; 

| h*ss than 5 grammes of water will saturate a 
| cubic metre of air at 0° (\, and the average 
j human being in repose gives off 03 grammes 
; per hour; thus the observer's presence will 
I modify profoundly the hygro metric conditions 
! ,,f fhe air. The arrangement shown in Fig. 4 
has been devised to overcome this difficulty. 

! The hygrometer can he enclosed in a wooden 
box lined with metal, which is cut diagonally 
as illustrated. By oscillating the lower half 
of the box—and this can be done from a 
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distance by means of J string—it is possible 
to obtain an averagiysamplc of the air. The 
box is then closed, the joint being improved 


Air 



by the baize edging. The observer then sets 
the air bubbling and watches the formation 
of dew through the double windows in front. 

In Alluard's 1 modification of llegnault’s 
apparatus the silver tube containing the ether 
has a Hat face. This flat face is surrounded by 
a Hat plate of silver in the same plane as the 
flat face but not touching it. This plate 
consequently remains at the temperature of 
the air, and it is claimed that with this 
arrangement the lirst appearance of condensed 
moisture is more easily recognised. 

§ (2) Effect of Wind, —C-rova 2 found that 
Regnault’s instrument was not reliable in a 
high wind with a low humidity. This led 
him to design a condensation hygrometer in 
which the formation of the dew occurred on 
the inside of a vessel. A tube of thin brass, 
nickel-plated and polished inside, is closed at 
its far end by a ground glass plate, and at its 
near end by a lens. Looking in through the 
lens, the ground glass is seen surrounded by 
its image reflected in the bright tube. The 
whole tube is surrounded bv a metal box 
containing carbon disulphide, which can be 
cooled by drawing air through it. The air to 
)>e tested is drawn into the polished tube. 

Crova found under these conditions that 
the point of condensation was higher than that 
shown by a Regnault’s apparatus exposed to 
* Jour. Jp. Physique, 1878. 1 Ibid., 1883. 


the full force of the wind. We may quote 
as an example from his paper 3 some experi¬ 
ments made at Montpellier in a strong wind 
from the north-west, which was increasing 
throughout the experiment. 


Time. 

Temperature 
of Air. 

Dew- 

Kxterior. 

mint. 

Interior. 

H. 

M. 


o 

" ’ « 

8 If, 

19-4 

9-5 

9-5 

8 :io 

19 9 

9-7 

io r> 

8 <5 

19-7 

8-3 

9-8 

9 

0 

19 0 

81 

9f> 


His results apparently show that the point of 
condensation depends on the velocity of the 
wind. 

§ Cl) Theory ok Dew-point Instruments. - A 
discussion of tlu* theory of the use of these coudensa- 
tioti instruments is necessary. It is assumed that 
when they are used in the free air they do not nfleet 
tin- total pressure of the atmosphere, and that the 
Iraetion of that, pressure due to water vapour is 
unchanged. 

We may ask ourselves how these instruments are 
a fleeted by a wind blowing on them and by radiation, 
hi Kegnaull's instrument the temperatures of the 
silver cup and of the layer of air outside are assumed 
to he the same as that of the ether inside, bet. H 
be the heat withdrawn per second per square centi¬ 
metre by evaporation of ether; then li -heat 
received by radiation • heat received by convection 
l latent heat of the water condensed. 

S„I’V' t) 

u-=it<r—o *- i +i«l, 

where If is the radiation constant, ! the temperature 
of the silver surface, /' the surrounding temperature, 
L the latent heat of evaporation at (, and m 
the mass of water condensed per second. The 
expression K p F(/'-D, r is the recognised torimila for 
the heat in calories passing from a hot current of 
gas to a cold surface. S p is the specific heat, of the 
gas ; t constant pressure, F the coefficient of skin 
friction, /' is the temperature of the stream of gas, 
/ r that of the surface, and r the mean velocity of the 
stream. The flow is parallel to the surface, which is 
not the rase when Hegnault’s apparatus is placed, 
as it would usually be, at right angles to the wind. 

When a dew-point apparatus is used the mass 
condensed is made as small as possible, and we have 
reason to believe that the radiation effect will be 
small compared with the convection elf eel. Conse¬ 
quently wc may write 


Now it has been shown 4 that approximately F = con¬ 
stant - therefore If -- constant. • S„ • »•(/'- t). 
There is nothing in this formula to indicate that, it 
will not be possible by increasing II to compensate 
for an increase in velocity, and thus to find the same 
:i Jour, dp Physique, 1883. 

* Tcchn^ul He port of the Adnsory Committee for 
Aeronautics, 1912 13, p. 40. 
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value of the dew-point, provided the humidity is 
unchanged. 

We must, therefore, look elsewhere for the elf eel 
of a wind, and perhaps we may find an explanation 
in the note by Dr. Stanton to the paper referred to 
above. Dr. Stanton pointed out that the How round a 
cylinder placed at right angles to a stream would not 
be stream-line How, and its character would vary with 
the velocity. In the ease of a pipe of circular section 
placed with its axis at right angles to the current, 
thi* heating effects in the neighbourhood of the points 
A, B, C (Fit/. 5) might be widely different, since at A 
the motion is presumably eon- 
siderably slower than at B, and () 

- ► A( jo acted upon by tile eddies 

^—' thrown off by the side. Experi¬ 

ments by Mr. .Jakeman with cold 
ElO. i>. air blowing on an arrangement 
of four electrically heated strips 
of platinum foil in the positions A, B, (', I) on an 
ebonite rod gave values lor the heat dissipated. 
The diagram given in the paper shows that with the 
same temperature difference between the strip and the 
current more heat is dissipated at A than at 1 >; and 
more at B than at <'. Conversely, if the strips were 
colder than the current, more heat would be trans¬ 
mitted at A than at B. and more at B Ilian at C. 
Verbaps in the same way in a Kegnault's dew-point 
apparatus in a wind, the cooling would be irregular 
round the tube of circular section. There is room 
here for research. Verhaps we might give (o the 
silver tube a stream line section, and in this way try 
to overcome the inequality of heating at different 
parts. But here we must leave the subject to future 
experimenters. 

§ (4) Wet and Dry Bulb H yurumktke:. 
(i.) Instrument*.- The lowering of temperature 
duo to evaporation is the principle of the 
psyrlimmeter or wet and dry luiib thermo¬ 
meters (Iveslie). The dry hull) is an ordinary 
sensitive thermometer, and set by its side 
is a similar thermometer which lias its bulb 
kept constantly moist by a wrapping of muslin, 
to which a wick is attached, dipping into a 
reservoir of pure water. 'Phis hygrometer is 
the most largely used of any of the different 
types. It is used by meteorologists, gar¬ 
deners, and manufacturers. The theory <>f* it* 
action has not been veiy clearly stated, and 
it is necessary that we should devote more 
than ordinary attention to it. The difference 
in the readings of the two thermometers is 
observed, and from the difference the amount 
of water vapour present, in the air js calculated. 
Fit/. (> represents a common form of the 
apparatus. 

The muslin should hoof fairly close texture; 
if it is too loosely woven it cannot keep the 
whole surface of the bulb moist. One layer 
should ho sufficient. Experiment, has shown 
that, additional layers cause the instrument 
to he rather slower in reaching a steady 
temperature. The muslin should he of good 
cotton, free from oil, and this may he secured 
by boiling the muslin before it is used in dilute 



I potash solution, taking great, care to wash 
out. thoroughly all potash before it is wrapped 
! round the thermometer. It may he tied on 
! securely with cotton thread. The wick may 

j he formed from __ 

j an extension of 
; the muslin, or 
! bv tying in with 
, it some ordinary 
cotton wick. 

; With the end of 
j the wick in water 
j the thermometer 
; should maintain 
j itself moist by 
the constant 
; ascent of water 
| by capillarity to 
I take the place 
of tli<* loss by 
| evaporation. If 
j it shows inelina- 
i lion to become 
1 dry, a new wrap- 
: ping should he 
i substituted. The 
i reading of tlx* wet thermometer will he less than 
j that of t he dry, owing t<> the absorption of heat 
i during evaporation,and the readings will only 
! he the same when the air is saturated with 
moisture so that there is no evaporation. 

Experiment has shown that dry cotton wlmii 
abuirbing moisture onuses a slight evolution of heat. 
; This indicates some so 1 '! of action, possibly chemical. 
| between enlion and water, but the action is so slight 
that we may consider the bulb with wet muslin to lie 
■ virtually a bulb surrounded wit ha Him of pure water. 1 

j (ii.) Formulae for Ih/'/ronnt) >/. Jn spite of 
: the general use of the wet and dry bulb 
thermometers, much vagueness exists as to 
; the formula to he used for the reduction iff 
; the*readings. 2 The conditions f«»r which the 
: original formulae of August :i and of Apjohn 1 
apply were not sufficiently defined. The 
consequence is that many modifications of the 
formula, for whieh the reader is referred to the 
('omputer* Handbook, have been suggested. 
Wo give below some of more well-known 
empirical formulae, but the reader should note 
that the more scientific method of reducing 
the observations, and ;lie method that is re¬ 
commended, is given later in $ (8). 

The formulae are in general of the type tine 
to Regnault : 

V-AB(/-!'). 

where t" is the vapour pressure at. the dew-point, 
(' that at the temperature of the wet bulb, 
/ and t' the temperatures of the dry and wet 

1 Onbhott, J’ror. Cttmh. I'hil. S«c. x. 372. 

3 See The <'omputer's 11 amt booh. Section 1published 
by the Meteorological (Mime, V.»21. 

3 Voggendortf’s Annnlrn. 11. v. »>*.). 

* Trans. Jlm/ol Irish Anidemy, 1834. 
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buibs, B’the barometric pressure measured 
in the same units as those employed for 
f' and t", and A a quantity depending on the 
wind velocity in the neighbourhood of the 
thermometers. 

Pointer has given the values in the following 
table, if the water on the wet bulb be not; 
frozen : 


I bulb respectively, and A a factor determined 
. from the comparison of many thousand 
simultaneous observations of wet and dry bulb 
thermometers and of the Da nidi Hygrometer 
taken at the Koval Observatory, Greenwich, 
j from 1841 to 18f>4, and from observations 
j at high temperatures in India, and at low 
J temperatures in Toronto. The values of 


Vapour Pkkssurk at i'lli: Dkwpoist 


State of Wind in Screen. 

Temperatures in Centigrade 
Degrees. 

Tcmper.it ures in Fahrenheit 
Degrees. 

(’aim — 



0-0 f> metres per second . 



Light v ind 



1-1 b metres per second . 

.■-■on«w-o(i+ OJ(1 ) 

•' '""""‘C'-'H 1 : 10..S ) 

Strong wind 



Above 2-b metres per sec ond . 




Recent experiments in a wind channel at 
the Royal Aircraft Establishment at Earn- 
borough have shown that for the ordinary 
range of temperature and humidity the con¬ 
stant A shows no appreciable variation up to 
speeds of 00 miles an hour (say 10 metres per ; 
second) from the values given in the table for \ 
a strong wind. i 

If the wet bulb cover is frozen the coefficients ; 

become -0010(10, -00070b, and OOO.'wU respect- j 
ivcly, while the 010 in the denominator be¬ 
comes 080. 

The instructions of the Bureau Central 
Meteorologique prescribe a formula 

t" ~ e' — 00<>70B(t - t'), 

while in India the formula 

e=c'- 0007HU(( -(')(1 

is employed. These two practically agree with 
Pern ter s light wind formula. The formulae 
for a strong wind are suitable for use with Ass- 
mann’s ventilated and the sling hygrometers. 
For the latter the following formula in 
Fahrenheit degrees—is employed in America: 

," = e '--lK)0:t07 B((-C)( I + 

which, in view of the smallness of the term 
(t- t')! 1571, is practically the same as Ponder's 
strong wind formula. 

The tables used by the Meteorological Office 1 
are based on Glaisher’s factors or multipliers, 
making use of the equation 

<1t - A(t ~ t'), 

where, <1 is the temperature of the dew-point, 
t and f the temperatures of dry and wet 

1 Computer’s Handbook, Section I. 3. 


Glaisher's factor A depend on the dry bulb 
temperature, and a table is given in the 
Computers Handbook, from which the follow¬ 
ing is extracted : 


V\1 1 1 KS 

iK (il.AISIIKR' 

Fnctors ijskd rou 

Dhv lbii.it 

Ti:mi'Ki: \tii 

i-.s ruoM 2bbA to 314 \ 

Tempera- 

Dlaislier'-' 

Tcinpera- 

(finisher's 

1 1 ll e A. 

Factor. 

tllle \. 

Factor. 

glib 

8-bb 

200 

! -Kb 

gob 

8 27 

201 

1 -S3 

2b7 

7 S3 


1 -HI 

I’liS 

7-28 

1'03 

1-70 

2b0 

b 111 

20 J 

1 -77 

270 

b-so 

20b 

1 -77* 

271 

•1 02 

2* *1 i 

1-71 

272 

4 Ob 

207 

1 -72 

273 

3 32 

208 

1-70 

271 

2-81 

200 

l-bo 

27b 

2 b 1 

31 ii ► 

i -bs 

27(1 

2-30 

301 

1 b»7 

277 

2-31 

30'* 

I bb 

27S 

2-2b 

303 

1 -lib 

’* 270 

-'21 

301 

Hit 

280 

2 17 

3( lb 

1 b.3 

281 

2 13 

30C 

1 (12 

282 

2lo 

307 

Mil 

28.4 

2 -ob 

308 

l-bO 

28 f 

2-02 

300 

1 -bO 

28b 

1 00 

310 

i -b« 

280 

1 0b 

31 1 

1 b 7 

287 

1 -02 

312 

1 -bb 

288 

1 SO 

313 

1 -bb 

280 

1 87 

31 1 


The, oxp< 

rienee of the Egyptian Met euro* 


logical Ofliee has confirmed the view that 
when the air is very dry the linear form of 
the expression for •" needs mollification, it. 
has occasionally been found to give negative 
values for the humidity. 
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§ (fy Tin: W et Bet.n Thkumomktki: (Stim. 
Alii), (i.) Thmifi. ('lerk Maxwell in his 
article on Diffusion " in the ninth edition of 
the J'Jnri/rlojundiii Jlrifamunt gave n theory of 
the wet hull) thermometer, in eului air we 
may consider that the steady temperature of 
t.he wet hull' is (lie result of an equilibrium 
between the heal reaching tJie thermometer 
by conduction and radiation, and the heat 
absorbed in evaporating water from the wet 
bulb. This water-vapour passes by dilluxion 
outwards through the air. Let Q be tlx* 
mass of water evaporated, I! be the. beat 
gained by conduction, and h the heat gained 
by radiation. Then, if L be the latent beat 
of water at the temperature of the wet bulb, 
U} -II i h. 

Wc sh ill now express these ipiantilies for a sipiare 
centimetre of till' surface of tin- wet hall), and we 
shall suppose this to be part of a large Hat surface. 
We shall suppose that we are limited to the consider¬ 
ation of the circumstances in a rectangular block 
of the culm air which lias the square centimetre lor 
base. The rectangular block may be supposed to 
have an end on a surface which remains at a constant 
temperature <> n and at a constant pressure of aqueous 
\apour //„. which is the quantity t" be determined. 

Let the length of the rectangular block be .r cm., 
and let If, bt the temperature of the. wet. bulb, then 
the heat, conducted in time /, 

fi¬ 
ll i\), 


where k is the conductivity of air in calorimetric 
units. This according to Stefan is OOOOM'mS in 
C.tl.S. units. The heal radiated to the bulb in the 
linn* / is 

h l\). 


wlicjc K is the absorption or radiation constant. 

The mass of water parsing b\ diffusion in a time 
I is 




;» 0 \ 

jt \ l >_ \*) 


< Tf . 


where I) is thedili'u.-ion constant, I* the whole prepare 
of the ail, ,i (he -specific gravity of aqueous vapi^ir, 
f) the density of air, and /), Ike M.Y.P. at 0 X . 
Substituting these values in the equation 


we have 


U,) II,/. 




,r r 




a,) i mn„- n,). 


therefore 


i.' >('' 1 e>- ««„- 


Vi Vo 


l- i /I! 

Llhr,; 


(V ".)• 


Expressing k, the calorimetric conductivity in 
units of tin 1 Iliermometric measure of conductivity. 
/•S„/i -K where S,, is the specific heat of air at 
constant volume, we have 


Vi_ ' /'a 

]» 


KS„/> I J'K 

Jdkrp 


t). 


Since yS„ -S„ where 7 is the ratio of the specific 
heat of air at constant pressure and at constant- 
volume, we have 


V, /'» S„ / K ,. K \ 
I* LirVyl* S,,pl)/ 


<«o " 1 ) 


" ,i ■ (i> 

Maxwell has shown how tin* formula (I) may he 
• applied to a thermometer hull) of ajiy shape by using 
1 tin* analogy between the laws of conduction and 
1 diffusion and the laws of electrical potential, lie 
! shows thal it (' be the electrical capacity of the bulb 
i and A its area, then 


rs„ / k 


AK 


n Pl " 1/(7 \y D ■l7rt'S J ,pD 


(f>o-"i)- (-) 


If the bulb be spherical and of radius r, i'~r and 
A - 47 rr“, therefore 


r-H- ] o . 


*)!> 


('V-'M- 


(ii.) Experimental \\rijicutitin.~\n nil ex¬ 
periment arranged to find the relation between 
tlm M.V.i\ at the temperature of the wet bulb 
and t he depression of t he bulb in order to realise 
tin* conditions of calm air, the author arranged 
wot and dry bulb thermometers inside a 
porous pot saturated with strong sulphuric 
acid. The porous pot was of Ihe size used 
for Leelanehe cells, and the wet bulb was 
placed as low as possible iti it. To so< urr that 
the sulphuric aeid surface should be fresh, 
acid was poured down the walls of the pot. 
before beginning an experiment. At the 
surface of the aeid the air is drv. r l he drv 
bulb thermometer gives the temperature of 
the enclosure. The only convection possible 
v ill ,1m* that due to the wet thermometer. 


M.V.]’. ill: 111.' 


Dry 

Thermometer. 

r. 

Depression > 

of Wet 

Thcriuoinetcr f 
in 1 

Temperature of 
the Wet liulb 
divided b.\ the 
Depression of 
Wet hull). 

i 107 

0 0 j 

0-S7 

1(1 t 

8-7 

0 00 

7-:i 

0 0 

US.1 

i*-« 

j feft 

OSH 

iVOfi 

5-2* 

0 87 


Mean O SHa 
* Water still liquid. 


We notice, if dry air he used, in the formula (A) 
/> 0 ~-0 and 

Pi _ rs » ( K f R \, . 

H 0 - d l i/tr \>D Sp/dV 

and the experiments above show that the value of 
;), '(H 0 l> x ) is 0*805. If we take 
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I‘---7*»0 mm. the whole pressure, 

L - •0050, where 0, in lhr temperature of 

the wet bull), 

u -~(M)22 the specific gravity of water-vapour 
referred to air. 

K ~ 0*250 Maxwell’s value deduced from Stefan's 
measurements, 1 

1)-*=<!• 198 bin dolt and liurnst fin's Tables, 
y — 1*41 the ratio of the .-pecilic heat of air at 
constant pressure to that at constant 
volume, 

S p -=0*2370 and substitute in the formula (3*), 
we have 0-805— • 178 ^-92 


Thus under the conditions of tin- above experi¬ 
ments it appears that tile two terms. Kyl> and 
rR/S„pl), in the bracket have approximately the 
same value. 

The experimental constant <KS0"> may be 
compared with the empirical constants (see 
Computer'* UtnttVamk) for still air used by 
Pern ter. 0-93, and by Birheland. 0-84. 11 agrees 
better with the latter. Tin* constant 0-8<>~> is 
that which should he used where all the bodies 
in the neighbourhood are at the temperature of 
the dry thermometer, the condition -which is 
supposed to ho the ease in a Stevenson s 
meteorological screen, and when the air is 
calm. 

We may next inquire what change would he 
produced if dry hydrogen were substituted 
for dry air. The conductivity of hydrogen is 


from results in the previous section and using tho 
value of I) in hydrogen. Therefore, in hydrogen 

.•mi 

0 O - 0, 

Some experiments were made to determine 
j this value, using the same apparatus as in 
I the previous section and displacing the air 
I by hydrogen. 



c I m 

' ViijKiur I'rewiure at 

1 

} -2 I •- 

Temperature «*f Wut 


' >• s w I 

; Hull. ttivi.letUiy tlu> 


| |s 5 

j l>e]in-h»iun. 


f ~ E S 

-. — 


j £ 1 H 

, Exiienmc-nt. Theory. 

Tn still air . . 

Hi-7° • 7-8 1 

0-88 0-865 

In still hydrogen 

1«-4 ( 8-75 

100 0 01) 


Considering the uncertainty in the actual 
value of the conductivity of hydrogen and the 
dilTusivitv of water-vapour in that gas, there 
is, therefore, a good agreement with Maxwell’s 
t heorv. 

Another proof of tin- applicability of Maxwell’s 
theory is to lie found in the behaviour of a wet bulb 
thermometer in a dry atmosphere when the pressure 
is reduced. Danicll (1*34) attached a delicate 
thermometer with its bulb covered with filter paper 
to a brass wire sliding thiough a collar of leather in 
a ground brass plate. This plate was fixed air-tight 
on the top of a large glass air-pump receiver, which 
.•ovensI a surface of sulphurie acid of nearly equal 
dimensions with its base, t'pon a tripod of glass. 


i J»rv j W.-t ' 

.Prr^iir.' Tluniii.ii..-t. , r • Tlieriii..niMl<-r I><•]-n. 

lin-ia-B <• t ■( . j 

( - i ; 

j 30 2 10 0 5 ! -■o' O il 

13-1 Ml 2-77 ; 007 

1 I 

t-si ; y-w ; mi »•:« 

3-7 0 72 ; 0-277 10 0 

1-8 0-7 2-00 11-7 


VIII. 


M.v.r. at 
T,-i„v.,-r*tu.- 
.a w.'i r.nii>, 

M V. 1*. 

X.-w Total 

V^Vwin- 

Col VI. 1 

I-iTTj ' ' ( VIA'II 

<5 507 

1 3(ll 

1 

•00083 

r,r»7o 

0-835 

1 

1*41 

•00075 

10 ts 

0-504 

1 

2 

•(HK)75 

4 104 

0-1104 

1 

2-80 

•(MI082 

3 050 

0-337(5 

1 

4-1 

(MM 188 


about seven times greater than that <<f air, 
and the diflusivity of water-vapour in hydrogen 
is about .‘U times that in air. 

Taking the values of the constants for hydrogen 
at 700 mm. pressure, we lind that 



K 

yi> 

rK 

Kpftl) 


1*83, 

•257, 


1 I'u/e Maxwell’s //cat, p. 313, 3rd edition. 


standing in the acid, was placed a vessel containing 
a little water into which the thermometer could be 
dipped and withdrawn by means of the sliding wire. 
At the commencement of the experiment, the pressure 
gauge stood at 30*2 inches, the temperature of the 
air being ld'C. On withdrawing the thermometer 
from the water it began to fall rapidly, and in a few 
minuted reached a steady temperature. (lolumUH 
1„ II., and III. in the above table contain tho 
results. 

Column IV. of the table contains the depression 
of the wet thermometer, column V. the vapour 
pressure at the temperature of the wet bulb, column 
Vi. the ratio ot the vapour pressure to the depression. 
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We may lake fnrmula (It) in Ike form 


,,, I' //.- I rli\ 

'W\ 11 !' 


where k is t.ln- ..itlm-.l ivily. wkicli is 

imiepemlent of 1" Hi'" f'lrrmlla Via 

occurs mill this ia eonslaot fur nil prcaanrea. 1 '/Isrp 
is equal lo l.iTo. The (iilTiieem constant will vary 
inversely as the square roots of the total pressures, 
ill column VIII. of the table the value is itiven of 
«• l-rltl/D ealeulateil for each nressure. It will lm 
observed that the value is nearly a constant as the 
theory indicates. 

• 5((i) The Wet llm.ii TStfatwMETBii i'll 
Movimi Am. Wk shall nmv puss lo tli« j 
consideration of Illy ease ill which tlie ait is 
in motion, that is when the tiiermonieteqji 
are exposed to wind. Here we shall avail 
ourselves of a theory privately communicated 
by Major C. J. Taylor. 'Ihe llienry takes 
aeeounL of the fact that when wind U’blowing 
over a Hal surface [Fin. 7) there is against the 
surface a region free j 
iV from eddies in which [ 
Ktldy layer t,[ ie st ream lines are 

“ parallel to the sue 1 

K,M . v ' tm ‘ 1:iv, ' r f/ face, and beyond 

Hiliiiiiil!l!ii!;lill 1 is il r ' - lon ' 

l< ]{ , - of turbulence in 

which eddies effect , 

the transference of Iieat and water-vapour. 
The thickness of the eddy-free layer is shown 
by Major Taylor t o be et|ual to 41 /\ where \ m 
is tin 1 mean velocity. The velocity at. the limit 
of tic 1 eddv-free layer is *;“»(»V„ t . Major Taylor 
has shown that in air about one half of the 
fall f temperature between the surface and 
the stream of air occurs in the eddy-tree layer. 

The rate at which the inteiehanges occur 
in the eddy-layer will be 

A,S„(« n P,)/(V) A(p, ~ft,)/(V) I.. 

, ••• v-i ft, - ":)• • C) 

And in the eddy free layer , 

0( / ' 1 o -,'!.-!•('>, ",) ■ 0) 

or ,,, 1 ,’ ir • /, <"= ".)• 


The theory was accepted by Regnault as 
the basis of bis work in liis fcUuhx sur 
VIJygntmHrie. He found it unsatisfactory for 
the various conditions under which he worked, 
conditions which included almost still air as 
well as air in motion. It will be noticed that 
t he formula (<*) is t he same as formula (:$), based 
ou Maxwell’s theory for still air, with the 
exception that the term involving conduction, 
diffusion, and radiation is absent. 

It appears that the formula ((>) is true only 
when I f I)/»b*,,. In air the value of 1/ D/> is 
• 0 <) 0 f.r>b/ltt 8 /- -00121):$ or 0-22, which is not far 
from the value of the specific heat of air at 
constant pressure, i.c. •2.‘$7'». In other gases 
kfDp may have a value which will not justify 
the simple method used above of combining 
the effects of the eddy-free ami eddy layers. 

S (7) HxrKKIMENTAL V KLUFICATION. Wo 
shall now test, the formula by experiments in 
air and afterwards examine the behaviour of 
other gases. 

A short test tube 2*3 cm. diameter ami 10 
cm. long was closed by a cork with three 
holes in it, through which passed an entrance 
glass tube leading to the bottom, an exit- 
tube from near the top, and a thermometer 
graduated in I lOths of a degree. The wet 
bulb was made by wrapping one or two layers 
' of linen gauze about- the bulb of the thermo¬ 
meter and tying this in place with cotton 
tliread. The wet. thermometer was moistened 
by immersing it in a beaker of water before 
each experiment. To prevent heat from 
' coming from the outside to this apparatus it 
was enclosed in a larger vacuum-jacketed 
test tube, and the intervening space was 
plugged with cotton wool. In some expori- 
i meats this vacuum-jacket was dispensed with, 

‘ for the complete experiment only lasts about, 
fmw or live minutes, and not much heat can 
1 get in in that short- time. The exit tube was 
, connected to the suction nozzle of a kennox 
| electrical blower so that a rapid draught could 
I be maintained through the apparatus. The 
entrance tube was connected to a tall tower 
of pumice saturated with strong• sulphuric 

! acid in order to give a supply of dry air. 

| With dry air the following readings were 
! obtained : 


If k; I),> N p , we may combine the effects j 
in the two layers. 

I‘, -ft, - "i>- • ■ w j 

This formula is the sum.’ as that tUsltiml 
by August ami Apjohn, whoaasimusl tlmf when j 
the temperature of the wet bulb is stationary | 
in a wind that the heal required to vaporise j 
the water is given out by portions of the 
surrounding air in cooling to the temperature 
of the wot bull*, and that every portion thus 
cooled became saturated with water vapour. I 


V.I\ at the Tcmpem- 
llrv Air. Wet Hull*. | hire of Wei. Hull) j 

' (- ° (/. divided by the Do- j 

. prossion of Wet Bulb, j 

-- - ! - - ‘ 

ir.tr, :il I -477 

lr.l 2-s I -472 

182 4-7 ; 11)11 

lli-T -tit I -474 

17 11 4-7 I -4811 

18-2 411 j -470 

Moan 0-474 
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The pressure in the apparatus during the 
passage of the air stream was determined by 
suhstiftiling for the thermometer a pressure 
gauge containing mercury. This showed that 
the pressure inside was 2."> mm. less than atmo¬ 
spheric when the motor was working at its 
highest speed. Therefore the theoretical 
eonstant is 73.1 ^ \ (M>22. or 0-173, 

whicli is in good agreement with lhe experi¬ 
mental result. 

The velocity of the stream of air was 
ascertained hy means of an air meter (Megretti 
& Zambia) fitted to the side of a box‘from 
which the air was drawn. The velocity of 
the air was found to ho SO feet per minute, 
and this multiplied by the ratio of the square 
of tlu* diameter of the aperture of the air 
meter to the square of the' diameter of the 
tube gave* 3D2 metre's per second fe*r the 
velocity of the air passing over the wet bulb. j 
Further experiments were made with hydrogen 
and with carbon <lie>xiele, to which we have* 
not space to refer, but the results wen? in 
agreement with the theory. 

Some' experiments were' made with the 
same apparatus to measure the amount of 
aqueous vapour present in air. Feu* this . 
purpose the apparatus for deli wring dry air i 
was removed and the air from the room drawn 
in with the same wlocity. At the same time 
observations were made with Regnault’s dew¬ 
point apparatus to determine the dew-point- 
arid thus obtain the? true aqueous pressure in 
the air. 


v-poiat by Ib-gn 

'nq>cr:iturc. 

inlllt’i Method. 

PlV-JSUr**. 

mm. 

Air 

Tempera tun 

0 1 

7 081 

io r. 

on 

4-2SO 

lit 

- 1 is . 

FOOT 

i.vn 

-0 7 j 

4 3 13 

13 3 


§ (H) Varies of the Constant for differ- ! 
i no Wind Speeds.— The meteorologist requires ; 
to know the constant by which the observed 
depression of the wet bulb must be multiplied 
for anv degree* of ventilation. The experi¬ 
ments which have been described deal with 
the limiting conditions, namely when there j 
is no wind, and when the* wind is .sufficiently : 
great to cause the maximum depression. ; 
The ventilation may lie* between these two 
limits, and a curve may be given, founded i 
on the? results of other experimenters, which > 
must represent very approximately the true ! 
relation between the eonstant and the wind ■ 
velocity. 

Birkcland has given values of the constant i 


J for observed wind velocities. When these 
| are plotted with our results for limiting values, 
j such a curve can be drawn, and is given in 
I Fig. S. The value of I 'em tec’s constants 
I art? in general agreement with this curve. 

Consequently to use this curve the observer 
must find the velocity of the air blowing over the 



Flo. 8. 


wet and dry bulbs. The corresponding value of 
t he constant t <»be used in t he t heoret iea-1 ft >rmula 
Pn /q — constant (H n --1\) is then found from 
the curve : />,. the M.Y. 1*. corresponding to t he 
temperature (’. of the wet bulb, is found 
from the table of M.Y.I’., and 0 n is the tempera¬ 
ture' oj the air. it is assumed that the pressure 
of tile air is approximately normal, /.e. TOO mm., 
otherwise a correction should be made. 

$(9) AsN.MA.Ns’s IhORoMKTlvK.— In Ass- 


Mann's portable psychrmneter. 

show u in Fi', 1 . D. 

Caleulated 

j 

\V, t Ml, lb 1 Aqueous 

| Pressure u~iiig 
0-17. 

Dilferenee. ! 

mm. 

IMF . 7 104 

) 0-113 ; 

7-2 \ 4 181 

il-onii 

8-73 : 4-204 

i o jot i 

7-3 4-o.vn 

i 0 310 

M. 

ran '0-132 j 


use is made of the pimciple of ventilation. 
Tim two thermometers are arranged in met a! 
tubes, through which an artilieial current of 
air is drawn by a clock-work fan. As the 
fan will give a constant ventilation the appro¬ 
priate constant may be obtained from the 
diagram above, when the value of the current, 
is known ; or the constant, may be obtained 
by direct, comparison with a condensation 
instrument. It would appear that the fan 
is usually adjusted to give a velocity between 
2 and 3 metres per see. 

The principle is applied in a simpler way 
in the “sling” psychromctcr {Fig. Da). The 
two thermometers arc- whirled at the end of 
an arm in air until the readings of both 
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(■lie wot and dry bulbs are constant. If the 
iiinnhei' uf (urns per second and the radius 
of the whirl are known, we can calculate the 




Wet 


T’lU. UA. 


reiaiive motion of the air. and tlem from the 
curve {Fig. S) the constant may he obtained. 

§ (10) 11 AIK Ih CKOMKTKKS. Many organic 
substances altm 1 heir dimensions w hen exposed 
to moisture, e.</. hair, horn, gut. and are called 
hygroscopic. Human hair is one of the most 
sensitive. It extends '.\j\'2 * of its length in 
saturated air. It requires carefill preparation 
to remove oil. The curve (/•'/</. 10) gives the 



Pciwntwj^ (j j the Total TMensimi 
Tin. 10. 

average relation between the percentage 
humidity and the percentage of the extension 
for hair. If the hair is wetted with pure water 


with a brush, and allowed to remain wet for 
half an hour, the indicator should show 05 per 
cent humidity. Various methods of magnify¬ 
ing the extension have been used. They 
usually take the form shown in /TV/. 11 of a 
dial with a pointer, which is moved by the 
contraction of the hair. The dial is graduated 
to show percentage humidity, or they may he 
arranged to record the humidity changes on 
a chart. Recording hygrometers have been 
const meted with bundles of hair. Such 
instruments appear to respond quickly to 
changes of humidity, but they are said to he 
very uncertain in their readings. Reference 



should be made to the Physical Society s 
Discussion 1 on ilygrometry, and sjieeially to 
Dr. F/zer (Irilliths’ experiments with the Hair 
Hygrometer. 

$(11) Tin-: K.\TA-THKKM«>MtTER.— Of late 
soars Professor Leonard Hill has used the 
rate of evaporation as a combined 'measure 
of humidity and ventilation two circum¬ 
stances mi which the pleasantness of the air 
as regards life depend. Jle calls his instru¬ 
ments the dry and wet Kata-thermometers. 
They are exposed to the air at a temperature 
of about 1 HP F. and the time is taken for 
a cooling down (varn) from UHF F. to 1)5° F. 
The average 1)7 '•’> F. is near !W'-4 F.—the 
normal temperature of the human body. 

Fach Kata-thermometer {Fig. 12) has a 
cylindrical bulb of about 25 sq. cm. surface 
tilled with spirit. The wet bulb is covered 
with a tingcr-stall of lisle thread glove. When 
a reading is to he made the observer immerses 
the dry Kata in a thermos Mask of hot water, 
‘ Tror. I'fiyx. AV. xxxiv. pj». v-xrii. 
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wipes it dry, und takes the time of cooling. I 
A similar observation without wiping is then 
made with the wet Kata. By means of the I 
constant for each instrument marked on it, [ 
the heat in milliealorics lost j>er see. j)er ; 
sq. cm. is calculated. The result with the j 
dry thermometer gives a I 
measure of the loss by j 
radiation and by ventila- j 
tion (convection), whilst ! 
that with the wet Kata ; 
gives the same quaptity 
together with the further 
loss due to evaporation. 

Jf is assumed that the 
two thermometers are ex¬ 
actly similar in all respects 
other than that one is wet. 
This is hardly justified, as 
owing to the rather thick 
cover used for the wet 
Kata its area is larger. 
Also in other respects they , 
are dissimilar; one has a j 
non-conducting coat with 
a rough surface. (\mse- ! 
quently it is not likely that | 
calculations founded on , 
physical constants will 
agret' with experiment. j 
Owing to the warmth of j 
the cooling Kata, there is 
always stunt.* convection even 
l 1 ' 1 ( 1 . 12. when no wind is blowing. A 

calculation by Maxwell’s 
formula for still air shows the heat lost by a dry ' 
Kata would only In* about, half that found by Hill J 
in bis experiment in a closed chamber, whilst a wet \ 
Kata loses three times the he.it the theory requires. 1 
When the Katas are used in a current of air using ; 
the formulae for heat loss in moving air. ww lied j 
similar divergences between theory and experiment, j 

The instrument may, however, he used to obtain ; 
useful information about various climates and i 
factory conditions. Professor Bill has written a j 
report on the subject to which the reader interested i 
in hygiene must be referred. 1 

§ (12) The Gravimetric Method. —The ! 
determination of the mass of water-vapour 
in a given volume of air forms the most i 
accurate method of fiuding the pressure of : 
vapour in the air (Brunner, 1840), and this ; 
method has been used as the standard against 
which the other methods have been tested. 
The method was used by W. Napier Shaw 2 to 
test the fixed points of thermometers between 
HP and 20 ' < \ assuming Kegnault’s measures 
td the M.V.P. of water. 

We shall quote a description of the method 
from GJazobrook and Shaw's Practical Physic*, 

§ 42, 1885 edition. 

1 The Science of Trntitatum and Open-air Treat¬ 
ment, part, i., His Majesty’s Stationery Office, 10PJ. 

* C'amb. Phil. Tram. xiv. part 1. 



The arrangement of the apparatus, the 
whole of which can he put together in any 
laboratory, will be understood by F'uj. 1‘h 
As aspirator we may use any large bottle, A, 
having, besides a. thermometer, two tubes 
passing airtight through its cork and down to 



the bottom of the bottle. One of these 
tubes is bent as a syphon and allows the 
water to run out, the flow being regulated 
by the pinch-cock T ; the other tube is for 
the air to enter the aspirator; its opening 
being at the bottom of the vessel, the How of 
air is maintained constant and independent 
of the level of the water in the bottle. 

The vessel B, Idled with fragments of 
freshly fused chloride of calcium, is provided 
with two tubes through an airtight, cork, one 
connected with the aspirator passing just 
through, and the other connected with the 
drying tube 1 ) t<» the bottom of the vessel. 
'Phis serves as a valve to prevent any moisture 
reaching the tubes from the aspirator. The 
most convenient way of connecting up drying 
tubes is by means of mercury cups, consisting 
of short glass tubes with a cork bottom 
perforated for a narrow tube ; over this passes 
one limb of an inverted U-tuhc, the other limit 
of which is secured to one limb of the drying 
tul>e either hy an india-rubber washer with 
paraffin or, still bettor, by being thickened and 
groun 1 as a stopper. A glance at the figure 
will show the arrangement. The drying tubes 
c.fn then Ik* removed and replaced with 
facility, and a perfectly airtight connection 
ensured. The space in the little cups 
M, M, M, M, between the narrow tubes and 
the limbs of the. inverted UV is closed hy 
mercury, fare, must he taken to close the 
ends of the inverted U’s with small bungs 
during weighing, and to see that no globules 
of mercury are adhering to the glass. The 
connecting tubes G between the drying tubes 
should he glass and us short as possible. 

Two drying tubes must be used, and weighed 
separately before and after the experiment; 
the lirst will, when in good order, entirely 
absorb the moisture, but. if the air is passed 
with too great rapidity, or if the acid had 
become too dilute by continued use, the 
second tube will make the fact apparent. A 
thermometer X to determine the temperature 
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of the air passing into the tubes is also I 
necessary. | 

To lake an observation, the tubes are i 
weighed and placed in position, the vessel A | 
Idled with water, the syphon tube tilled, and 
the tube at the end of the drying tubes closed 
by means of a pinch-tup. Then, oil opening 
the tup at T, no water should flow out; if 
any does, there is some leak in the apparatus 
which must be made tight before proceeding 
further. When assured that any air supplied 
to the aspirator will pass through the drying 
tubes the observation may be begun. The 
water is run out slowly (at about the rate of 1 
litre in ten minutes) into a litre Husk, and when 
the latter is filled up to the scratch on the neck 
it is removed and weighed, its place being taken 
by another flask, which can go on tilling 
during tin*, weighing of the first. This is re¬ 
peated until the aspirator is empty, when, the 
weight of the empty basks being ascertained, 
the total weight of water thus replaced by air 
can be found. The height II of the boro meter 
must be determined at the beginning and end ’ 
of the expeliment. 1 Miring the observation 
the thermometer X must be read every ten j 
minutes, and the mean of the readings taken 


due to W. Norman Shaw, 1 which has a 
compensating bull) which makes it independent 
of small variations of yrmperaluro and pressure*. 
Its reaelings were found to be in close agree¬ 
ment. with those obtained by the* gravimetric 
absorption method. It consists of four espial 
bulbs A, B, C, I), joined ns in VJg. 14. E is a 
three-way cock, and 
F and (1 two taps. 

0 is the measuring 
bulb with a narrow 
graeluateel tube 
sealed in to its base. 

H and K are mov¬ 
able mercury reser¬ 
voirs. In the limb 
at M is a light non¬ 
volatile liquid, high 
boiling-point paraffin 
being suitable. This 
gauge acts as an indicator of the equality of 
pressure in the bulbs (! and 1). The apparatus 
is used thus. 'File three-way cock K is set 
so that the, air to be tested can be drawn in 
by lowering the mercury reservoir 1\ to some 
division on the graduated portion, tin* taps F 
and (J being open. The taps F and LI are now 



as the temperature / of the entering air; 
the thermometer in the aspirator must be 
read at the end of the experiment ; let the 
reading be /. If the aspirator A is hut small, 
it can he refilled and the experiment repeated. 

bet, w be the increase of weight of the tubes 
I), D, and V the volume of the aspirator at 
its final temperature T , B the barometer 
pressure, e the pressure of water-vapour to 
be found, F. the M.V.I\ at T , /> the density 


i closed. The three-way cock is now set so 
| that the moist air can be passed into the acid 
I ehamlier A, anti this is done by manipulat¬ 
ing the reservoirs Iv and 11. After a few 
j minutes, depending on tin* size of the apparatus, 
the absorption of the water-vapour by the. 
j acid is complete. Then the mis is passesl buck 
i into tlii' measuring bulb. Tim acid must not 
be raised above some mark near the three-way 
cock, and on no account must be allowed to 


of dry air at 0 ° (\ and 700 mm. to tin*, tempera- i 
tun* of the moist air, a the specific gravity of 
steam referred to dry air at the. same tempera¬ 
ture* and pressure. Then it may be show n that 

e 700 w (1 -i «T) 

B — e p<r V B - F 

The drawback to this met lux! is that it takes 


get into the tube* through which the air is 
drawn in. After the* air has been passed 
into (\ the tap F is opened and K is adjusted 
until the lit|nid in M is at the same level on 
both sides of the gauge*. The diminution of 
volume* read on the graduated tube gives the* 
volume of water-vapour in the original volume* 
of moist air. 


some tinu*, and gives only an average value 
of e during the experiment. 

(Bt) Tub You* m ethic Method. -- The i 
volume of water-vapour in the air may he 
ascertained by absorption with a drying agent i 
such as strong sulphuric acid or phosphorus 
pentoxide. Lot the volume absorbed at a j 
pressure J* be* r, and let the whole volume of ; 
the moist air at the same pressure he V. 
'Then by Dalton’s law the fraction vj\ of I* 
represents the partial pressure of the* water- 
vapour. Various forms of apparatus, some 
portable for use in (be open air, have been 
devised, notably that of Sehwaekhdfer. 
Those are described in the treatises on Meteoro¬ 
logy. 

(i.) A iorman Shaw's Apparatus .—We shall 
describe an improved form of the apparatus, 


It will he* obvious how the bulb l> arts 
as a compensator for small pressure and 
temperature changes. Of course the usual 
precautions taken in gas analysis should be 
observed. \Y. Norman Shaw gives a table 
to show the satisfactory performance of his 
apparatus in comparison with other hygro- 
metrie, methods. 

(ii.) Professor Tyndall's Apparatus • Another 
instrument 2 which depends on the measurement 
of the change of pressure produced by drying 
a dosed volume of the air under lost has hern 
devised lately by Professor Tyndall and the 
late Mr. Mayo. The air is contained in a brass 
tube ordinarily open at both ends {Pig. In); 

I the tube is connected to a pressure gauge. 

1 Trims. Hoi/. Not. Vimuihl^W Ml>. 

* I’roc. Phyx. Sue. xxxiv. ji.Txvli. 
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A hollow Ihhss plunder with perforated ends j 
tits loosely in the tube and can he made } 
to slide from end to end by tilting it. The I 
plunger is loosely packed with glass-wool 
which has been previously dipped in powdered i 
phosphorus pentoxide. No 1M> 5 is placed j 




on the glass-wool at the ends of the piston, 
and its sides are protected by a glass sleeve. 
To use the instrument the ends of the cylinder . 
are securely closed by close fitting plugs, 
and bv means of a tap the pressure inside is 
brought to the same value as that of the 
outside air ; the tap is closed and the cylinder 
tilted two or three times backwards and 
forwards. The air is dried by its passage 
through the glass-wool and the fall in pressure • 
measured on the gauge. From this and a 
knowledge of the relative volumes of the wet | 
air originally in the cylinder and the dry j 
air in the plunger the humidity can be I 
calculated. 

§ (14) Humidity and Hyokoscocic 8un- 
STantks.— To understand tin* influence of 
humidity on manufactures it is necessary 
to consider in some detail the properties of 
hygroscopic substances. Let us begin with ■ 
the eases of wool and cotton. What will he 
said about these substances will apply in 
a general way to all vegetable and animal 
products. The case of wool lias been examined 
carefully by Professor F. T. Troutnii. 1 lie 
exposed carefully dried flannel to water-vapour, 
and measured the amount of water absorbed. 
Retween 4 -SC. and 1S-2C. he found that 
the weight of water absorbed depended on the 
relative humidity only, and not on the 
temperature. This result is in accordance 
with theory; and we may regard this law 
as definitely established. As to the weight 
absorbed when the flannel was exposed to 
atmospheres of varying humidify, he found 
that from J00 per cent humidity down to 
474 per cent the weight W absorbed at a 
certain percentage humidity was given by ■ 
the formula (Wj - W) 2 constant • ( 100 — per- i 
eentage humidity), where W, is tin* weight 
absorbed in a saturated atmosphere. In [ 

other words, the relationship between the i 

humidity and weight of water held was j 

parabolic, it should be noted that the ] 

experiments do not extend to low humidities, I 
* Proc. It.S., 1 900, Ixxvii. 292. * 


and (hat the dry flannel was brought to its 
equilibrium condition by absorption. 

As regards cotton tile most recent and care¬ 
ful experiments are due to (Irme Masson. 2 
Masson’s earlier work was concerned with 
the change of temperature when dry cotton¬ 
wool was placed in saturated air. We have 
already noted that cotton heats itself when 
absorbing moisture. The later experiments 
were devoted to ascertaining the weight 
absorbed by initially Irv cotton in air of a 
given humidity, or the weight which remains 
in initially saturated cotton when exposed to 
the same humidity. The equilibrium state 
in each case is reached slowly ; in fact, so 
slowly that Masson did not wait for what 
he supposed would be an identical state by 
(‘it her process, lie contented himself by 
finding the average between the results 
reached in a certain time by absorption and by 
evaporation, (.’el lu lose in the form of lilt or 
paper was also examined. I>elmv {FUj. Hi) is 



shown in a diagram the result of plotting 
separately the results by evaporation and by 
absorption. Masson’s curve as the mean would 
come between the two curves. It is doubtful 
whet In r he was justified in taking the mean, 
as it is possible that the equilibrium reached 
bv the two methods might be different. There 
are other instances of different equilibria when 
dealing with other properties of eollodial 
substances. For tin* manufacturer, as there 
is not much difference between 11..* two curves, 
the mean will probably sufliee. Olives 
similar to the mean curve of Masson had been 
obtained by Schloesing (lSh.'t), llartsborne 
(ItM>.“»), and others for cotton, hemp, flax, 
jute, and wool. 

The. (. Ifeet of humidity is to prevent evapora¬ 
tion of the moisture in the material, and 
to prevent electrification by friction during 
the processes of spinning and weaving. Ex¬ 
periment has shown that cotton and flax 
are stronger when they have absorbed moist¬ 
ure, and that there is in consequence less 
chance of breaking the threads; whilst wool 

2 Proc. 11.S. lxxiv. 230, air* 1907, Ixxvii}. 112. 
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apparently becomes .slightly weaker. The 
conductivity for electricity is increased with 
the amount of absorbed water and any 
electricity generated can escape, readily. 
Microscopic examination of the threads spun 
in an atmosphere of high relative humidity 
shows a more compact structure. For the 
purpose of raising the relative humidity 
processes of adding moisture to the air in the 
workrooms are resorted to, and the air is said 
to he “ conditioned.” 

§(15) JlDMlDITY AND V K N T F ). A TIO N.— 
Water-vapour may he added to the air by 
two methods: (I) by introducing liquid water 
either in hulk or in line drops and allowing 
it to evaporate, and (2) by sending in jets of 
steam. The methods in use belong either to 
one class or are mixed processes belonging to 
both. Very often systems of ventilation and 
heating are combined with the operation of 
humidifying. 'The climate of the place and 
the health of the operatives must he taken 
into consideration. It is not surprising, 
therefore, that with varying conditions many 
different processes have been advocated and 
that the question has been the subject of 
much legislalion. 

We shall now give a brief general discussion 
of the two methods of introducing moisture. 
In (1) pure cold water is introduced, preferably 
in small drops. These drops form a cloud 
which fades away by evaporation. There 
will he a cooling effect, just as the wet bulb is 
cooled, and as there is convection the law for 
the wet luilh />, p„ (RfS^/Lcr)(i f 0 ■■ ft,) will 
determine the exchange of water-vapour and 
of heat. Tin* effect is analogous to the cooling 
caused by rain on a sultry day, or to that of a 
fountain playing in a warm room. The cooling 
is due t<» the absorption of the latent heat, of 
evaporation. 

In (2) steam is introduced and mixed with 
the air. If the steam is entering at low pres¬ 
sure if will behave like steam coining ’from 
the spout of a kettle. For a short distance 
from the nozzle it remains gaseous anTl 
invisible. Then condensation occurs to a 
cloud of drops, which may fall as rain or may 
fade away by evaporation, and provided 
there is no net condensation we may reach a 
similar state of humidity with the important 
difference that we have brought, into the 
chamber the total heat of steam from outside, 
and have not taken it. from the air in the 
chain her. 

Now it would appear at once that in a hot 
climate the first process lias tin 1 advantage, 
whereas in a cold climate the advantage might 
he. with the second. Summer and winter 
may likewise change the advantage ; so too 
might a change of wind from east to west. 

The Second Hv port of the Itv partmental Com¬ 
mittee on Humidity and Ventilation in Cotton 


Waiving Sheds of the Home Oflieo, 1911 (Cd. 
551)0), deals with the conditions, etc., in the 
trade. It contains an Appendix by Sir Henry 
Cunynghamc on Hygrometers. He describes 
two differential hvgroscopes and gives recom¬ 
mendations as to the placing of hygrometers. 
He draws attention to the influence of draughts, 
and the position in the weaving shed on the 
readings of the wet and dry bulb hygrometer. 



A standard form {Pig. 171 of the latter to be 
used by woawrs is described in 1 lie Report. 

§ (10) 11 i Wi im I mis.—We shall now describe 
very briefly a few methods adopted in factories 
for humidifying tin* air, eoinnu'iieing with two 
methods in which cold water is “ ut'-mi-' d.” 

(i.), Mather and Platt \s ]'nrt<r System. 
This consists in placing at intervals, and at. a 
convenient height aho\e each floor, a number 



Fin. IS. 


of cylinders ( Fig. IS), and connecting them 
by piping to a pump, by which they are sup¬ 
plied w if h water under pressure. The cylinders 
are the humiditiers proper, and are so con¬ 
structed and connected that all the water not 
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actually diffused- as exceedingly fine spray— 
into the atmosphere Hows buck to a central 
system of tanks to be filtered and screened 
before further service. 

The tanks, two in number, are fixed at a 
slightly lower level than the humidifiers, to 
ensure the return to them of the whole of the 
•surplus water from the machines. 

The water from the pump passes, in the first 
instance, through a large filter on the main 
delivery pipe, thence along tho distributing 
pipes to the self-cleansing filters, one of which 
is attached to the side of each humidifier.; this 
final filtration catches any particles of dirt and 
fibre which may have escaped the main filter. 
The water now enters the humidifiers, and is 
expelled from an interior spraying nozzle in a 
jet at a pressure of about l3o lbs. per s<j. in., 
and impinges immediately on the flat end 
of an adjustable hardened nickel pin. The 
result of the impact is that the jet of water 
splits into an on-rushing cone of fine spray, 
which, extending to the sides of the cylinder 
and moving at high velocity, creates a partial 
vacuum in the upper interior sufficient to 
induce a strong current <»f air to pass through 
the hath of water spray. This cold (louche 
saturates and cools the air, and in addition 
removes from it much of the suspended 
dust, and fibre; hence the air expelled from 
the lower-part of the machine into the room 
is cooled and cleansed as well as humidified. 

(ii.) Sniethursl System .— In the Smethurst Air 
Fountain System ( Fiij. 10) a controlled thread 



Fig. 10. 


of water under pressure is impinged upon by a 
jet of compressed air, which expanding breaks 
up the water, and the surrounding air absorbs 
it without precipitation at any of the tempera¬ 
tures experienced in the mills. The diagram 


serves to illustrate the action of the apparatus, 
which is very like the ordinary spraying 
bottle used for scent. The jets are distributed 
about the working room in order that a largo 
hulk of air may he conditioned. 

(iii.) llownrth's Champion System .—In this 
system (/■’/(/. 20) the air, after cleaning and 


f t 



A , Patent Air A Water Jets B. Compound Jets, Steam A Water 
C. Hall Tap Water Supply D. OverJIow E. Flush Out 


Pro. 20. 

conditioning, is distributed through the 
workroom by graduated conduits. The air 
is treated in a special chamber hv jets of 
steam and sprays of water. Any free wafer 
is removed by an eliminator. The diagram 
shows the course of the air and its treatment. 
The process obviously combines ventilation 
with conditioning. 

§ ( I 7) WaTKK-VAPOUR IN TMK At.MOSPHK.HK. 
— In *hc lower portion of the atmosphere to 
a height of some 10 kilometres clouds exist, 
jrtid various forms of precipitation occur. 
This portion is called the troposphere, 1 and in 
it the temperature falls from the surface 
upwards by the adiabatic law for a rising and 
expanding gas to a temperature of about 21f>°A. 
in January at 11 kilometres. In the upper 
pail of the atmosphere, the stratosphere, up 
to some 40 kilometres the temperature remains 
about the same, 221° A. having been observed 
at 3(i kilometres. 

In the lower part where precipitation occurs 
the air may have any value of humidity 
varying from dry to saturation, but of course 
the absolute value of the density of the 
moisture will depend on the temperature, 
which, as we have seen, is in general falling as 
we ascend. 

1 See “ Atmosphere, Physics of.” 
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The following table shows the M.V.P. of 
ice at temperatures below 0° 0.: 


Temperature 
(Hydrogen Seale). 

Temperature A°. 

Pressure in I 
mm.* 

| 

0" 

27 ,r 

4-579 ; 

- 10 

2(13 

1 -974 

- 20 


0-787 1 

- :io 

24:t 

0-292 

40 

233 

0-105 

- 50 

223 

0-034 


* Si-heel, I 'frit. I). Pht/s. Grx., 1903, v. 

S. S. 


Hydromutkk : 

Constant volume. See “ Hydrometers,’' § (H). 
Correction to readings for variations in 
temperature. See ibid. § (7). 

Equilibrium of a. floating. See ibid. § (3). 
Metal. See ibid. § (10). 

Specification for glass. See ibid, S; (15). 
Standardisation of. See ibid. § (12). 

'Jesting of. See ibid. §§ (12) and (13). 
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HYDROMETERS 

§(l) (Jknkhal Discussion, (i.) Pattern of 
Hydrometer. —The type of hydrometer which 
is in most common use is that shown in Fit/. 1. 

It consists simply of a glass Imlh 
A. below which is a smaller bulb B 
loaded with mercury or lead shot 
so that the instrument floats with 
its axis vertical. Above the bulb 
A is a glass tube (• enclosing the 
scale of the hydrometer, and the 
whole instrument is hermetically 
sealed. 

The essential function of such 
an instrument is the determina¬ 
tion of the density of liquids. If 
we neglect for the moment the 
comparatively small effects due 
to the surface tension of the 
liquid in which the hydrometer 
is immersed, and to the. buoyancy I 
effect of the air surrounding the 
M g emergent portion of the stem, 
NT tlieu the condition of equilibrium 
j.’hj. |. of the Heating hydrometer is 
simply that the mass of liquid 
displaced up to the intersection of the level 
liquid surface with the stem of the hydrometer, 
is equal to the mass of the latter. The mass 
of the hydrometer is a constant, if it is being 
used at a definite temperature the volume up 
to any specific graduation mark on the stem 
is also constant. Thus the indication of the 
hydrometer is a direct measure of the mass of 
liquid contained in a certain definite volume, 
i.e. is directly proportional to the density of 
the liquid at the temperature at which it is 
being examined. 
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If the graduations are laid down on the 
stem of the hydrometer in such a way that 
the volumes up to consecutive marks increase 
in harmonical progression, then the distances 
between the graduations will correspond to 
equal increments in density. 

This is theoretically the simplest, most 
fundamental, and scientifically the best method 
of graduating hydrometers. It has a con¬ 
siderable vogue on the Continent and has been 
officially adopted by the Meteorological OHicc 
in (treat Britain. 

(ii.) Special Methods of Graduation. 1 In in¬ 
dustry, however, the property <>f a liquid 
which it is desired to measure by means of a 
hydrometer is usually not the density, hut. 
some other more or less directly related pro¬ 
perty, frequently percentage composition. As 
a result of this many different methods of 
graduating hydrometers have been introduced 
from time to lime. For very rough work there 
may sometimes be an advantage in a hydro¬ 
meter graduated to indicate directly the par¬ 
ticular property of the liquid in which the 
user is directly concerned, e </. in a hydrometer 
graduated to indicate percentages by weight 
of sugar in a sugar solution. Such instru¬ 
ments, however, can only he accurate at one 
particular temperature, and in most cases tin* 
necessity arises sooner or later of using tables 
of correction in conjunction with the hydro¬ 
meters. Once this necessity arises, it is equally 
easy and more satisfactory for all purposes to 
use a standard type of instrument, graduated 
to indicate densities. 

The indication of the hydrometer is then a 
definite thing, depending solely on the tem¬ 
perature at which it, is used, and, except for 
the slight effects of surface tension, independent 
of the influence of variations in the character 
of llje liquid in which it is used. 

(lii.) Hydrometer Tables .—The whole of the 
information which concerns the liquid should 
be incorporated in tables on-relating density 
at various temperatures with the property of 
the liquid with which one is concerned. It 
then beeoipes possible to prepare either the 
hydrometer or the tables independently of 
each other. 

Otherwise the hydrometer maker has to 
assume certain properties of the liquid in 
which his instrument will be used, and neither 
he nor the user has any guarantee that, the 
liquids do actually correspond to the assump¬ 
tions made. But if a hydrometer indicating 
densities is employed the maker has a definite 
standard to aim at, and the user has only to 
assure himself that he has tables suitable to 
the particular liquids with which he is con¬ 
cerned. 

Reliable data for constructing tables eo- 
relaling the density of certain liquids, in con- 

1 Sec also “ Alcoholomotry " and " Sneoharnmetry." 
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nection with which hydrometers arc exten¬ 
sively used, with their density at various 
temperatures is already available. For ex¬ 
ample, there is the work of the Bureau of 
►Standards on alcohol-water mixtures, 1 and 
that of the Beiehsanstalt on sugar solutions. 2 * 

The tables should relate solely to the properties 
of the lhpiid eoneerned, and would then be of general 
application. Many existing hydrometer tables 
incorporate allowances for the expansion of the 
hydrometer and are therefore limited in application 
to hydrometers made of a particular material. For 
example, when glass Sikes hydrometers were adopted 
for revenue purposes in India it was necessary to 
reconstruct Sikes Tables winch can only be true 
for the particular type of metal instrument for which 
they were originally constructed. 

While hydrometers indicating densities are prefer¬ 
able to those indicating directly the property of 
the liquid in question, <’.>/. percentage composition, 
they have even greater advantages over hydrometers 
with arbitrary scales. 

The disadvantage's of hydrometers with arbitrary 
scales art'well illustrated by the 15anine hydrometer. 
The originator of the Baume scale was a hydrometer 
manufacturer who adopted the following basis for 
the scale of his instruments: 

For liquids lighter than water the point at which 
the hydrometer floated in water was taken as 10 
and that at which it floated in a la per cent 
salt solution as O'. The distance between these 
two points was divided into equal lengths and the 
scale continued beyond the 10 point by similarly 
spaced graduation marks. 

A second hydrometer for use in liquids heavier 
than water was constructed on the following ba.-is: 

Water was taken as the zero point, and the point 
at which the hydrometer floated in a In per cent 
salt solution was taken as l.V. The interval was 
divided equally as with the light, hydrometer and the 
scale continued below tne l.V point by equally spaced 
graduation marks. 

Note that out* instrument indicates 10' in water 
and the other O'. However, 15anine's hydrometers 
became extensively used, and, as was only to be 
expected, the need arose for knowing the equivalent 
density corresponding to degrees on the 15aume 
scale. Consequently in an attempt to define the 
scale precisely formulae of the type 
A 

* 15 n' 

where the density equivalent to the Ban me 
reading « and A and B are constants, were suggested. 
The present writer found no less than five dilTerent. 
formulae for the heavy hydrometer, and four for 
the Hight hydrometer, in a single reference book. | 
The attempt to define the Baume scale has thus 
simply resulted in further confusion. 

Again, tables have been drawn up co-relating 
percentage compositions of various liquids, c.g. sugar 
solutions, against Baume degrees. The tables are 
of necessity primarily I wised on the variation in 

1 Ilulletin of the llurmu of Standards. lx. No. 55 : 
see also Circular of the linrean of Standard k, 1010, 
No. 19. 

2 Plato, IF ifnt. Ahh. der Kaiser lichen Sormal- 

Eichunga-Kommission, 1900, il. 140. 


» density with composition, and in compiling tjiem 
I some relation between Baume degrees and density 
1 hail to be assumed. The particular assumption 
made is not always stated, and even where it is the 
user has rarely any guarantee that his particulai 
. Baume a hydrometer was constructed on the same 
assumptions. 

| The advantage of using hydrometers indicating 
| densities directly, whose basis is unequivocally 
• defined, is obvious. 

§ (2) Si'Ermt’ (Juamtv ILvdkometkks.—A 
\ particular class <»{ hydrometer which is largely 
used and which (filters but little in principle 
from the density hydrometer is the specitic 
gravity hydrometer. In the former the 
readings give directly the mass per unit 
volume of the liquid, whereas in the latter 
they give the ratio of this quantity to 
the eorresponding mass per unit volume of 
water at the same temperature ; or, more 
simply, the ratio of (he masses of equal 
volumes of the liquid and of water at the 
stum* temperature. 

In the early days of hydrometers there was, 
no doubt, considerable advantage in this type 
of instrument, since the latter ratio is more 
susceptible of direct measurement than is true 
density. The density of distilled water at 
various temperatures lias now, however, been 
most carefully investigated and tabulated, 4 and 
since the specific gravity of a liquid is merely 
the ratio of the density of the liquid to that 
of water at the same temperature, the one 
quantify is now as easily determined as the 
of per. Speciiie gravity hydrometers have, 
therefore, no particular advantage over density 
hydrometers. 

Again, there is a distinct, tendency at the 
present time for the results of investigations 
concerning tiie specific gravity of liquids to be 
given relative to water at 4 as basis, 
instead of relative to water at the same tem¬ 
perature at whii h the liquid is investigated. 
Such specific gravities are <>f course identical 
with densities expressed in grammes per niilli- 
litle (gm. per ml.). It was formerly more 
customary to express the results relative to 
water at the same temperature' as the liquid 
under investigation. 

A replacement of specific gravity hydro¬ 
meters by density hydrometers would be in 

1 Apropos nf Ban me hydrometers the following 
quotation is not without interest: . in the 

ease of oil, the eoinmon expressions * higher gravity ’ 
ami ‘ lower gravity ’ ha\e directly opposite meanings, 
depending on whether the specific gravity or Bailing 
gravity is referred to. The first time this came to 
t.hc writer’s attention was Win n some 557 years ago 
he heard two oil manufacturers spend much of an 
afternoon talking at cross purposes, because when 
one spoke of certain equipments giving a higher or 
lower gravity in the product, tin- speaker had in 
mind specific gravity, while the other, who wan 
unable to agree with the views expressed, understood 
Baume gravity to lie meant." -Jour, of hut. and 
Eng. Chem., June VI, 1920. 

* P. Chappuls, Tran, et MAm , 1907, xili. 
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agreement with the* above tendency towards 
uniformity. 

There is a convention established in connection 
with specific gravity hydrometers which is worthy 
of notice. A liquid of specilie gravity, say 1 -03< r >. is 
spoken of as being H)!gV J specific gravity. Since the 
third decimal place is the last, which is of significance 
in ninny cases, the use of “decrees” with theaeeom 
panying suppression of the deeimal point is often a, 
eonvenienee. 

If densities are expressed in gin. per litre the need 
for introducing the decimal point similarly disappears. 

§(:i) 11 ion Huai. Equation of Equilibrium 

OF A Kl.OATlNC ItYDROMKTKIL Consider a 
hydrometer floating stationary in a liquid and 
having its stem partially submerged. 

Let M gm. -mass of the hydrometer in vacuo, 

V c.e. — volume of (he submerged portion 
of tin* hydrometer, 

r c.e. — volume of the portion of the 
hydrometer stem not sub- 


p gin.,c.e.-the density of the liquid in which 
the hydrometer is floating, 
cT gin.'c.e. - the density of the air, 

T dynes.cm.- the surface tension of the liquid, 
a angle of contact of the liquid 
surface and the hydrometer 
stein, 

«/etn.-—diameter of the stem of the 
hydrometer. 

The forces acting vertically downward on 
the hydrometer an* 

M if I to/Tcosu, 


and (hose aiding upward 


V/'!/ 1 ''<>'/ i 

Equating these we have 

r./T 


M I 


. , TTU'V 
•i a - \ i -r m -f cos air. 


When the liquid wets the stem of the 
hydrometer, and reliable readings cannot he 
obtained unless this is tin* ease*, the angle 
vanishes and eos a is unity ; we have then 



For many purposes the smaller terms of the 
above equation may he neglected and the 
simple relation 

M Vp 

be used. 

§ (4) Tin-: Ncalk of a Dknsitv It ydromktrk. 
— Ix*t I) he the density corresponding to the 
highest graduation mark of a hydrometer, and 
let the graduation marks represent equal in¬ 
crements of density. 

Consider any three adjacent graduation 
marks corresponding to densities of,say, 1) -!■ ad, 
J)-p(/i |- \ )ii, and ]>*-(» + 2)«/ respectively, d 


being the increase in density corresponding to 
each subdivision, and I )+nd being therefore 
the «th graduation mark from I). 

Let V he the volume of the hydrometer 
submerged when,the reading is 1), Yn similarly 
corresponding to I) I ml, etc. Then if M in 
the, mass of the hydrometer, we have 
M- V D V„(D l- nd) - V n ,,[)> + (» + I )dj 

- »-(a + 2)d]. 


wlienec 


1 I) I nd 

V ft VI) ’ 


I) + (» 4- IW 

VR ’ 

I) ‘ (a ! 'l)d 

VI) ’ 

d I 

Yd V, t . 


v»;, 
v ,„ 2 

and therelore 

I I 

V»" v„ , 

till 

v. v„„ v„rv.,- 

That is, the volumes up to successive gradua¬ 
tion marks increase in harmonic progression. 
Tin* same relation obviously holds for hydro¬ 
meters graduated to indicate specific gravities. 
It follows from the above relation lhat. 


V,,! 


V„ 


(Vn 1 ^ n 2 )» 


i.e. V n ' Vn .1 V„ ,, - V„ , 9 . 

That is, the graduation marks corresponding 
to equal increments in density become pro¬ 
gressively more closely spaced towards the 
lower end of t in* scale. 

The exact spacing of the graduation mark* 
on a density hydrometer may be readily de¬ 
termined, assuming the stem to he of uniform 
cross .sect ion. 

Let g|—-the density corresponding to the 
highest graduation mark on the 
stem (/’/./, g), 

i/ 2 ~ flu* density corresponding to (he 
lowest graduation mark, 

7-any intermediate density, 
o, —volume <>f the portion of the stem 
between ti and rf v 

r, - volume of the portion of the stem j y 
between <1 and </ 2 , 

Y - volume of hydrometer below </,. Ew. 

M-muss of hydrometer. 

Then 

M d 2 V r/(V l r ± ) -=rf,(V r 2 \ i\). 
Eliminating M and V we obtain 
r, _(L d-d, 


d ' (L - r/, 


and 


v 2 

2 + 


d x 
d * 


Assuming the stem to he of uniform cross section, 
2 F 
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wo may substitute L for r t f v 2 .1 for iq, and l' for v 2 
in the above relations, 

where L —distance between the marks d x and d 2 . 

I - distance between the marks d and d v 
l '—distance between the rqarks d and d r 
'We thus obtain 


Length l 000 to 1 050 — 57-l nun. 

„ I 0U0 „ 1 100 -1001 
„ Lotto 1 150-= 150-5 „ 

„ I 000 .. 1-200-= 2(H)'-0 „ 

1-800 1-H50-- 5 LI „ 

„ 1-800 .. 1 000- !05-:i „ 

1 -800 .. 1-050 15:5 0 .. 

1 HOO „ 2-OtfO - 200 -0 .. 

A complete master scale giving the distance 
of each graduation mark from the highest 
mark can of course he drawn up in the same 
manner as above. The above table serves 
to show to what extent the scales of the two 
hydrometers, each covering a range of density 
equal to 0-200, differ from each other. 

It might be noted in passing that a scale ranging 
from, say, 0 000 to 1-000 and divided into intervals 
corresponding to 0 001 would he identical with one 
ranging from 1 SIM) to 2-000 and divided into intervals 
corresponding to 0-002, provided that the over-all 
lengths were the same. I5y the application of this 
faet the use of liquids of high density, which are. 
often unpleasant to handle, may he minimised in de- 
construction of hydrometers indicating high densities. 

An interesting result follows immediately from 
the relation 

d 2 d d y 
d ‘ d 2 d L ' 

Suppose that»/, and d 2 be two chosen densities and 
that the distance between these points is divided into 
N equal parts. Lot the density d be n divisions 
from d t . Then clearly 


/ 1 ,L - 

d-d x 

l d 

d 2 - d x 

r 

d 

d 2 - d 

d j - d x | 


and 

Either of the above relations serve to locate 
the position of the graduation mark corre¬ 
sponding to the density d, the distance 
apart, L, of d j and d., being known. It is 
obvious that, given the densities corresponding 
to any two points on a hydrometer and their 
distance apart, similar relations may he 
deduced to locate any density included in the 
range of the instrument, whether this density 
is intermediate between the two known 
densities or outside them. 

By means of the first of the above equations 
we may calculate the following table for two 
hydrometer scales ranging respectively from 
1-000 to 1-200 and 1-800 to 2-000, assuming tho 
total scale length to he 200 mm. in each case : 


If N. d v and d 2 are aasigned definite values wc may 
write 

A 
d' 


71-15- 


15 and A being constants equal to N d t /(d 2 - t/j) and 
~ d}) respectively. 

We may rewrite the above equation thus 
A 


rf-: 


15 - 


V 


ft v. 


7-L. 




,1 4, 
'4-4. 


j)' 


which is the familiar form of equation used to express 
the relation between degrees on arbitrary equally 
j spaced hydrometer wales and their corresponding 
! densities. 

§ (5) Dimensions of the Stem. —Closely 
| related to the problem of hydrometer scales 
is the question of choosing suitable stems 
for bulbs of given displacement and rice rerm. 
If M is the mass of a hydrometer, V the volume 
submerged when it is reading </,, d x being tho 
density corresponding to the lowest graduation 
mark, and v the volume of the stem between 
the highest and lowest graduation marks, 
then we have 

M - d x V ~ d 0 ( V -I- f), 

d n being the density corresponding to the 
highest graduation mark. From the above 
equations it follows that 
d,. 

, *|-rfo r Urr „ 

j Consider two hydrometers, one of range 1-000 
! to 1-050, and the other 1-800 to 1-850. Jn tho 
nrst ease 

V 2th’ or r - V, 
and in the second ease 

V - Ilffe or r — V. 

Consequently, if bulbs of equal displacement 
were used for the two hydrometers of the 
above ranges, and the stems were equal in 
diameter, then it follows that the distance 
between the 1-800 and 1-850 marks would be 
only r : ;;ths of that between the 1 000 and 
f(>50 marks, if the same openness of scale 
were desired in the two instruments the bulb 
of the 1-80(1 to 1-850 hydrometer would have 
I to be HI- times as large as the bulb of the 
j 1-000 to 1-050 hydrometer, provided the 
j same diameter of stein were used in each 
| ease. On the other hand, if bulbs of equal size 
i were used, then to give an equal over all length 
j for each scale the diameter of the stem of 
j the 1-800 to 1-850 hydrometer would have to 
he i.e. 0-745 times the diameter of the 

stem of the 1-000 to 1-050 hydrometer. 

§ (0) Standard Temperature fur Hydro¬ 
meters.— Owing to the changes in volume 
arising from temperature variations in the 
material* of a hydrometer, the indications 
of the instrument correspond to varying 
densities at different temperatures. Hence 
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it is necessary to specify the temperature 
at which a hydrometer is to be used. This 
temperature we will term the “ standard ” 
temperatuio of the hydrometer. 

A very great variety of standard tempera¬ 
tures are in use. In this country GO" F. is 
perhaps the commonest; 85" l*'. is a usual 
temperature for instruments used in India ; 
20" C. is commonly used in America; 15 
17-5’ (’., and 20° ('. are of frequent, occurrence 
on the continent. Again, for hydrometers 
intended for special purpose s standard 
temperatures approximating to the normal 
conditions of use are adopted, e.y. in the 
ease of hydrometers used for determining 
the density of boiler water 200° F., 00° 
and 100" F. are frequently met with. 

§ (7) T KMl’KIlATirilK ComiWTtoss. (i.) 
.Density Hydrometers, -The corrections to be 
applied to a hydrometer when used at tempera¬ 
tures other than its standard may be readily 
obtained in the ease of density hydrometers 
as follows : 

Suppose a hydrometer to be reading a gm. 
per ml. in a solution at the temperature l 
l J 0. being the standard temperature of the 
instrument. Then we have 
M wY\ 

M being the mass of the hydrometer and V 
the volume of liquid displaced when the 
hydrometer reading is n. 

Now suppose the hydrometer to be again 
reading n, but. this time in a liquid whose 
temperature is (' ('., and let x be the correction 
which must be added to )> in order to give the 
density of the second liquid in gm. per ml. 
at r j ('. In this ease we have 

M (M *)V[I l a{l' - 01. 

a being the coefficient of cubical expansion 
of the material of which the hydrometer is 
constructed, lienee 

/ 'I' 

or since a is small we have very approximately 
x - - va(i-' /). 

In the case of glass hydrometers a —O fMMiOgti, 
and therefore, a correction of from i to 5 (according 
to the value of n) units in the fifth decimal place 
must be subtracted from the observed reading for 
each degree centigrade above the standard tempera- 
ture, and the same amounts added for temperatures 
below the standard temperature. Now a variation 
of about five units in the fourth decimal place is 
negligible in most, east* where hydrometers are ex¬ 
tensively used. It follows, therefore, that a density 
hydrometer may in such eases be. read at any tempera¬ 
ture within about 10' of its standard temperature, 
and its indications will give the density of the liquid 
in which it Goals to a suHicient, degree of accuracy 
without the necessity for applying any temperature 
correction. 


I (ii.) Specific Gravity Hydrometers. —In the 
I ease of specific gravity hydrometers the 
I temperature correction may be similarly 
| obtained. Let .s be the reading at t' J < ’. of a 
| liydrometer in<Ucating specific gravities eor- 
j rectly at. I' (' relative to water at t° C. .as 
| unity. In this ease we have 
M-\>„ 

M being the mass of tin* hydrometer, V the 
volume of liquid displaced at t" C. when the 
reading is *, and y t the density of water at, 
f C. 

Consider the hydrometer to be placed in a 
■ liquid whose temperature is tf' C. and such 
j that the hydrometer reading is again s. If 
x be the correction to be applied to the 
reading .s to give the specific gravity ft// of 
! the liquid we have V 

| M (s t- .r)V|l ! a(l' - />]/»,% 

a being the coefficient of cubical expansion 
; of the material from which the hydrometer 
j is constructed, and /y the density of water 
! at. t' C, 

| From the two above equations we obtain 

- _11 

.Ml ■* «(« -0J J 

j from which it is dear that the expansion 
j of water has to be taken into account, as well 
as the expansion of the hydrometer, in 
' determining the value of x. 
j The temperature corrections are therefore 
! much larger than in the ease of density 
• ! hydrometers. For instance, a specific gravity 
I hydrometer reading i\~ 1 - 150 correctly 
| 00 V. 

j at G0° F. will retjuire a correct ion of -t 0 005 
I when reading 1-150 at 85" F. in order to 
' give the specilic gravity fts;,' |*\ of the liquid. 

s:> T. 

: ftpeeitie gravity hydrometers, therefore, only 
! imlieate specific gravities correctly when used 
| at or near their standard temperatures. Com- 
j pare this with the ease of density hydrometers 
dealt with previously (§ (7) (i.)). 

(iii.) Corretlinu by Variation of Mass. —The 
; question of temperature correction to speejlic 
j gravity hydrometers mav he looked at from a 
slightly different point of view. Consider as 
; before a specific gravity hydrometer to be 
reading s. tirst in a liquid at / C. and secondly 
in one at t'‘ C. In each ease let .s be the 
correct specific gravity, i.e. ft/ at V 0., and 

t 

ft/- at f'° 0. This can be achieved by varying 

r 

the mass of the hydrometer suitably. Let M 
he the mass of the. hydrometer when indicat¬ 
ing ft/ at t' (’., and m the amount by which it 
f 

must lie changed to read ft/' correctly at t'° G. 
t' 
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Considering the two eases we have 

M - Vs Pt , 

M I- W ~~ \ [ l + a(t' - l) ]’$/V, 

and p t ’ being the density of water at t and /.' 
respectively. From the above equations wo 
obtain 

M l «i • 's:'']' 

The term on the right-hand side of the 
above equation is constant for given values | 
of t and /', anil is independent of a. Hence, if a j 
hydrometer is furnished with a scale which > 
indicates S* correctly at l C. the same scale 
t 

will indicate Kg correctly at t' J ('. provided 

(' j 

the mass of the instrument is adjusted by the 
amount given by the above equation. A 
similar statement obviously also holds true in 
the case of density hydrometers. 

(iv.) //udrounders to indicate Perecnittyc 
Composition .— In the ease of hydrometers 
indicating percentage composition directly, ; 
then the expansion of the liquid to which the ! 
hydrometer relates is an additional factor to j 
bo taken into account in determining the. j 
temperature corrections to tlr* instrument. 
For example, take the ease of a hydrometer 
graduated to indicate percentages by weight 
of sugar in sugar solutions at I The 
density at t corresponding to each gradua¬ 
tion mark is known, being, of course, the 
same as the density of the correspondin'..' sugar I 
solution. The density at t' corresponding to 
any graduation mark may be calculated from 
the known density at t in a similar manner 
to that adopted in the ease of density hydro¬ 
meters above. The percentage of sugar 
corresponding to the calculated density at 
t' may then be determined from the known 
densities and coefficients of expansion of 
sugar solutions. The difference between this 
percentage and that marked on the hydrometer 
for the graduation mark in question gives the 
required correction at l'. 

Although the readings of a hydrometer can only 
be strictly accurate at one partieular temperature, 
yet in the manufacture of hydrometers, or in testing 
them subsequently by comparison with a standard 
of known accuracy, it is not necessary that tlie com¬ 
parisons should be carried out at the standard 
temperature of the instruments. Provided that two 
hydrometers are made of the same material, the 
difference in their readings will he independent of the 
temperat ure of the liquid in u hirh they are compared, j 
The readings of each hydrometer will be c hanged by j 
the same amount by equal changes in temperature, j 
since the instruments being made of the same material j 
their coefficients of expansion will be identical. In j 
comparing hydrometers, therefore, it is only necessary 
to ensure uniformity of temperature in the liquid 
in which they are compared, the exact temperature 1 


of comparison being a matter of indifference. This 
of course does not hold true when comparing hydro¬ 
meters made from different, materials, e.ij. a metal 
instrument, and a glass one. In such oases the 
difference in the readings will not be independent of 
the temperature at which they are compared. 

§ (S) Constant Volume JI ydrometers.-- 
The hydrometers hitherto considered have 
been of constant mass and variable displace¬ 
ment. It- is possible to work with constant 
displacement and variable mass. Nicholson’s 
hydrometer is based on this principle. The, 
instrument is described in many text-books, 
but it. is not, however, used to any large extent 
in density determinations. 

Buchanan used hydrometers based on the 
same principle in ail extensive, series of density 
investigations. Full details concerning these 
instruments are given in his paper “ experi¬ 
mental Researches on flic Specific (Jravity and 
the Displacement of some Saline Solutions." 1 

$ (9) Hydkomutkks with Suhmkik;ed 
Foises.—A well-known example of Ibis type 
of hydrometer is the Bates saecharometer. 
it. is a metal instrument with a 
stem of rectangular cross section 
above the bulb, and below the 
bulb a ring is attached by means 
of a short stem. TTii^ ring has a 
tapered hole drilled in it at A 
(/*’/'/. 3), and a number of poises, 
each provided with conical pins, 
may be attached in turn to tlie 
hydrometer by inserting the pins 
in the hole A. The scale of the 
hydrometer covers a range <>f 0*03 
specific gravity, and with the 
lightest, pojse attached readings 
may be obtained over the range 
0-970 to 1-000; with the next poise 
the instrument reads 1-000 to 
1-030, and so on up to 1-120 or 
M.~»0. 

The advantage of this method of |<’iu. 3. 
construction is that an open scale 
instrument covering a considerable range of 
density may be made in a very compact form. 

We will consider in general terms a hydro¬ 
meter constructed on (he above principle. 

Jx>t (./, be the density corresponding to the 
highest graduation mark when a particular 
poise is attached, and d, the density corre¬ 
sponding to tin* lowest, graduation mark when 
tlie same poise is attached. \\ hen the next 
heavier noise is attached d., is the density corre¬ 
sponding to the highest graduation mark, and 
if d :t is the density corresponding to the lowest 
graduation mark the poises arc adjusted so 
that 

d 2 - - d^ - d, - 5 say. 

Let M he the mass of the hydrometer, including 
1 Trans. Ron. Sor. J'Jilia., 1012 13, xlix. Ft. 1. 1-227. 
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the poise, when the range is from d i to d., f ami 
M i in the mass, again including the poise, 
when tlie range is d, to d :{ . Let V lx; the 
displacement of the hydrometer when reading 
d., with the first. poise attached, and v the 
volume of the stem from the highest graduation 
mark to the lowest graduation mark. Let 
v' he the difference in volume of the two 
poises. Then when the first poise is attached 
We have 

M-(V j-rJ./j - V</ 2 , . . (I) 

and when the second poise is attached 

M + in ~ (V -l (V-t r')<l. A . . (2) 

From these it follow's readily that o' — 
i.e„ each poise must have a volume greater 
than that of the preceding poise by an amount 
equal lo the volume of the stem between the 
highest and lowest graduation marks. 

Again, from (I) and (2) we have 
Al _ (V I r)d t 
m + hi (v r i t'k; 

and since r - /, 



and this relation determines the amount by 
which the masses of tin* two poises considered 
must differ from < ach other. 


hydrometer and is lifted above the general 
level of the liquid as shown in Fuj. 4. There 
is in consequence a downward pull on the 
hydrometer which is equal to the weight of 
the liquid raiseif above 
I the general level of the 
liquid surface. The 
magnitude of "this force 

I is equal to life product —--' -- 

I of the surface tension 
of the liquid and the 
perimeter of the stem. ^ 

'I’liUK in the case of a pm. t. 

circular stem of dia¬ 
meter d cm. the force is 7rc/T dynes, 
T being the surface tension expressed in 

dynes per cm. This additional downward 

force may be regarded as an increase in the. 
mass of the. hydrometer, and we may for 
convenience speak of the term (M \ ird'\'j>i) 
as the ” effective mass” of the hydrometer. 

The indication of a hydrometer in a liquid 
depends, therefore, not only on the density of 
the liquid but also on its surface tension. 

. Suppose a hydrometer to be reading n in a 
solution at tit)' l'\ whose surface tension is T, 
! and that for this particular liquid n is the 
! correct density of the liquid at MF F. Then 
1 if M is the mass of the hydrometer 

I 


(In.- |ii rther point is worths of uni in • in connection I 
with I hr above type ot iisdrometer. The poises may 
lie adjusted SO Unit the highest a lid lowest graduation J 
in.oU are correct, lor ea. h poFe, but the inter- 
medi.ite gradual ions can only be accurate lor one 
particular poise. From § (1). j>. 4.11, we have 


Let Us lake two 



*/, d ( / 1 

<1 f/g — f/j 

as iollows: 


( J 

V being the volume of liquid displaced when 
the hydrometer reading is n. Secondly, if the 
hydrometer is again reading n in a solution 
also at t>0 F., but whose surface tension is 
T, let x be the correction to he applied to the 
reading u in order to obtain the correct 
density of the second solution at 00 J F. In 


(as.-(i) L - inn mm., i/j ! -non, (/ i-ni.’>.r/ 3 - H>3o. 

( !;i:,c (2) 1/ - 1(H) iiiiu., </, - I 1-0, </ I • I3.», i/ ; , -- 1 • F»0. : 

q'li,. |i|x| ..i\cs / .'ill-71 nun. and the second j 
/ -f.lHiti mm., i.<. the 1 (li:. graduation mark should j 
be (MIS mm. further from the 1 <>o0 mark than the { 
l-llfi mark should be from the 1-120 mark. Ilnicc j 
if u ludromctcr of the type just considered is grade- : 
lilt'd SO that, the graduations ar«- correct over the . 
interval t -000 to I (>:;•». 1 h<’n wlieu the poise giving 
th,. range 1-120 to l lf.0 is ti-ed the intermediate ; 
graduations will not be quite correctly spm-cd, the 
true position of the I-t3.'> mark being as we have seen, 
for an over-all length of scale equal to 100 mm.. 
0-0,X mm. above the mark representing 1 Olbcorrectly. 
'I'liis error, however, only corresponds to 0-000021 
in terms of density and is therefore negligible for 
practical purposes. 

§ (]()) Kl’FKlT Sl'KFACK TENSION ON' 

11 vtnuut ktick Rkvihnos. When a hydro- 
meter is floating in a liquid the liquid surface 
docs not continue to be horizontal up to the 
point of contact with the hydrometer stem. 
Owing to the effect* of surface tension a small 
quantity of liquid adheres to the stem of the 


this case 

M i "”' - (« 1 .r)V. 

From the two above equations, 

ii -Kr M -!~ (7 t«/T , /j/) 
ii M i (irdTjtj) 
nvd ( T'- T \ 
r ~g~ \M i (irin'/fli/’ 


or approximately 


liv'd 

Mf I 


(T'-T). 


The following example will servo to illustrate 
the magnitude of the surface tension effects. A 
specific gravity hydrometer whose mass is .47 gm. 
and range 1 000 to 1-040 is adjusted to indicate 
Stiir k. correctly in dilute sulphuric acid solutions 


at (K>° F. The diameter of the stem being fi inm. 
and taking 74 dynes per cm. as the surface tension 
of a sulphuric acid solution of specific gravity 
Star K. -1 030. if . r »0 dynes per cm. is taken as the 
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surface tension of milk, then if the hydrometer is | 
reading 1().*{0 in a sample of milk at (Mr F. the eor- | 
reetion required to give the true specitie gravity of 
the milk i.s 


(,'»<) - 74) - -00011. 


1 Tin .114 • ()■; 

:i7 - its I 

Hence a hydrometer of the dimen nons and mass 
given would he 0-001 in error when used in milk 
it it were correct in sulphuric acid. Such a hydro¬ 
meter would pro ha My he subdivided in intervals 
of 0-001 (m\ in l intervals), and so the error in milk 
amounts to one whole subdivision. It is a common 
practice for hydrometer manetaeturers to* pofnt 
lactometers in dilute sulphuric acid solutions, or 
dilute solutions of salts which have similar surface 
tensions, and it will he seen from the above example 
that the errors so introduced are by no means 
negligible. 

Another example is not without interest. Proof 
spirit is defined as being a mixture of alcohol and 
water w hich at. 51 F. is J -1 hs tin* weight of an 
equal volume of water. Metal Sikes hydrometers 
have a mark on the stem indicating the point at 
which the instrument iloats in proof spirit at 51 F. : 
when the (»(> poise is umm|. The instruments are ! 
furnished with a metal cap which fits on to the top I 
ol the stem and is ^..th the combined weight of the | 
hydrometer and the tit) poise. The combined | 
weight of the hydrometer, tit) poise, and cap is ! 
hence {ijtlisof the combined weigh: of the hydro- j 
meter and the <10' poise. If, therefore, there were j 
no surface tension elVects, the hydrometer used j 
with the til.) 5 poise but without the cap would ' 
float at the same mark in proof spirit at 51' F. \ 
as it would in distilled water at 51 F. when ! 
used with both the t.M>" poise and the cap. Owing ! 
to the elfeets of surface tension, however, the ratio i 
of the 11 effective masses " would not be PI: 12, ami 
so different readings would be obtained in distilled 
water and proof spirit. : 

The problem of the effects of surface tension j 
may be looked at from a slightly' different 
point of view. If there are two liquid’s of ; 
the same density but having different surface 
tensions, then, as we have seen, a hydrometer ; 
will read differently in the two liquids. Let / i 
be the additional length of the stem above i 
the surface, of the liquid when the hydrometer j 
is floating in the liquid of lower surface tension 
T\ The change in the “ etfeetive mass ” of 
the hydrometer is compensated for by the 
decreased displacement, and hence for a stem 
of diameter d 

4(T- T') 

! 7 '/«"• 

It is interesting to notice that from the above 
equation and the equation for the correction 
x it follows that, other things being equal, 
x d 


h 


and 


The significance of this may bo illustrated by 
J the following example. Consider two hydrometers 
of identical range and mass but one having a stem 
whose diameter is twice that of the other. The 
I sensitivity (is. change in density corresponding 
• to unit length of scale) of the hydrometer with the 
.smaller diameter of stem will be four times that of 
the other hydrometer, and readings may conse¬ 
quently be taken to a correspondingly higher degree 
of accuracy. Assume both hydrometers to read 
correctly in a particular liquid of known surface 
tension. U they are placed in a second liquid of 
dilTorent surface tension the hydrometers will no 
longer agree. The densities indicated by each will 
be in error, but the error in the ease of the hydro¬ 
meter with the stem of smaller diameter will be only 
half that in the ease of the other hydrometer. Tho 
sensitivity of the former hydrometer is, however, 
four times that of the latter, and lienee, although 
the error in the density reading due to surface tension 
in the tirst ease is only half that in the second, yet 
] compared with the increased degree of accuracy to 
j whi'-h readings may be taken on the hydrometer 
j with the stem of smaller diameter, the error i.s of 
^ more serious consequence, y 

j §(11) Lkkoks urn to Sokfack Tjcnsion. 

I —The influence of lhe surface tension of the 
liquid in which a hydrometer is floating on the 
\ indications of the instrument is a very serious 
j limitation on the use of the hydrometer for 
j determining densities to a high degree of 
j accuracy. Slight contaminations of a liquid 
! surface may alter its surface tension very 
j considerably, 1 and in consequence the indica- 
j Lons of a hydrometer in a liquid may vary 
appreciably even though the density of the 
liquid remains constant. It. i.s therefore 
essential to observe scrupulous cleanliness of 
: the hydrometer itself, of the liquid in which 
i it is read, and of the vessel in which the 
i readings are taken if consistent results are to 
; he obtained. Dilute aqueous solutions are 
: particularly liable to give false readings, and 
, in distilled water itself it is perhaps most 
: difficult of all to obtain reliable hydrometer 
: readings. This fact is important, because 
! sthternents such as “ observe the indication 
of the instrument in distilled water” so 
frequently occur in descriptions of methods of 
graduating hydrometers. Mineral oils, alcohol * 
solutions (except when very dilute), strong 
acid solutions, sugar solutions, and sodium 
carbonate solutions are some of the more 
suitable liquids for use in connection with 
hydrometers. 

The following simple criterion as to the 
cleanliness of the stem of a hydrometer and 
the condition of the liquid surface i.s useful. 

If a hydrometer is submerged a little heyoml its 
position of equilibrium and then released, it 

1 Set- F. Nansen, Srinttifte Hemltx uf the Norwegian 
North l‘t >l/tr N.rprttiliim Is'.i.i-m:, |,< union, 11)03, 
vol. jii. chap. x. " On Hydrometers and the Surface 
Tension of liquids,” for an extensive series of 
investigations on the variation in the surface tension 
of liquids. 
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tained liquid to 
bo stirred vigor¬ 
ously without, 
removing the 
hydrometer or 
plummet, the 
beam of the bal¬ 
ance being, of 
course, arrested 


will oscillate up and down for a while. If the 
stem is clean and the liquid wets it completely, 
the stem of the hydrometer will move through 
the liquid surface during the above oscillations 
without in any way disturbing or deforming 
the meniscus surrounding the stem. If, on 
the other hand, the stem is dirty or not 
completely wetted, then as it passes through 
the surface the stem will drag the meniscus 
out of shape. This effect is generally most 
noticeable when the hydrometer commences 
to descend after reaching its highest position 
during an oscillation. If any such deformation I fidcnllv large to 
of (he meniscus takes place it is useless to J allow the con- 
take a reading on the hydrometer. An idea 
of the errors which may arise in such eases 
may be gained from the fact that by manipulat¬ 
ing a metal Sikes hydrometer in a dilute 
alcohol solution (say Do' Sikes) so as to obtain 
an unfavourable meniscus, it is possible to 
makyThe instrument read in error by as much 

V/io order to minimise the errors arising from 
contamination of the liquid surface, it is j whilst stirring is 
recommended by some authorities that the j in progress, 
liquid should he, allowed to overflow immedi¬ 
ately before taking a hydrometer reading. 

By this means a newly formed surface is 
obtained which is more likely to bo free from 
contamination than the surface obtained 
without overflowing. 

Standardisation' ok Hydrometers. 

— With the? exception of the few eases in 
which a particular hydrometer is legalised 
as the standard instrument, the standardisa¬ 
tion of hydrometers primarily depends upon 
density determinations. Arbitrary scales may 
be expressed in terms of density, scales in¬ 
dicating percentage composition are based on 
the densities of the liquids to which they 
relate, and so on. Generally speaking, the 
standardisation of a hydrometer resolves 
itself into determining the density of a 
liquid and noting the indication of the 
hydrometer in the same liquid and at jhe 
same temperature, the temperature chosen 
being the standard temperature of the 
hydrometer. 

The arrangement of apparatus illustrated 
diagrammatic-ally in Fitj. 5 affords a con¬ 
venient and accurate method of standardising 
hydrometers. The liquid in which the hydro¬ 
meter is read is contained in a glass vessel A, 
the front and back faces of which arc parallel, 
ground plane, and polished on the outside, so 
that the scale of the hydrometer does not 
appear distorted when viewed through the 
Trout of the vessel. The vessel A stands 
underneath a balance B. A thin rod (.', which 
passes t hrough a hole in the base of the balance 
case awl also through a hole in the table 
supporting the balance, is attached to one 
scale pan of the balance at its upper end, and 


carries a hook at its lower end. From this 
hook a plummet I) is susj>ended inside the 
vessel A by means of a thin platinum wire. 
The hydrometer to be standardised floats 
alongside the plummet, and a thermometer 
is suspended with 
its bulb situated 
near both ‘the 
hydrometer $ and 
the plummet. 

The vessel A 
should be suf- 



A convenient 
mode of procedure 
when the standard 

temperature is <■ - - . —„ 

not far removed ],> la g. 

from room tem¬ 
perature is as follows. The liquid to be 
used is adjusted so that the hydrometer, 
when floating in the liquid at its standard 
temperature, gives a reading close to the point 
at which it is desired to determine the error 
of the instrument. The temperature of the 
liquid is then adjusted, so that it is a few 
degrees centigrade above or below the standard 
temperature of the hydrometer. The tem¬ 
perature of the liquid will gradually approach 
room temperature, and the initial temperature 
is adjusted so that the temperature of the 
liquid passes through the standard temperature 
• if the hydrometer as it rises or falls to room 
temperature. A suitable initial temperature 
having been obtained, the vessel A.is placed 
in position under the balance, and the plummet, 
hydrometer, thermometer, and stirrer are 
inserted in the liquid. The level of the liquid 
is then adjusted to a previously tixed position, 
indicated by a mark on the vessel, so that a 
constant length of the wire supporting the 
plummet is immersed. After the plummet and 
hydrometer have had sufficient time to attain 
the temperature of the liquid, the latter is 
thoroughly stirred to obtain uniformity of 
temperature. One observer then determines 
the apparent weight of the plummet. The 
balance ea.se is closed during the final adjust¬ 
ment of the rider on the beam, and the vessel 
A, being entirely outside the. balance ease, 
introduces no disturbing effect on the balance. 
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Whilst the plummet is being weighed, a second 
observer sees that the hydrometer is clear of 
the plummet, and in a suitable position for 
him to take its reading. When the first 
observer has adjusted the weights and rider 
so* that the balance is in equilibrium, the 
second observer notes the hydrometer reading. 
Temperature observations are “taken before 
the balance is adjusted and immediately after 
taking the hydrometer reading. When the 
above observations are complete, the liquid 
is once more thoroughly stirred, without 
removing either the hydrometer, plummet, or 
thermometer, the stirrer itself having remained 
throughout in the liquid. A second set of 
observations is then taken, and so on, until 
the temperature of the liquid is finally as much 
below (or above, as tin* case might he) the | 
standard temperature of the hydrometer as 
it was initially above, (or below) this tempera¬ 
ture. The apparent weights of the sinker 
are then plotted against the corresponding 
temperatures, and a second curve is also 
obtained by plot tin*: hydrometer readings 
against temperature. The distribution of 
the points about the two curves affords a 
valuable indication of the consistency of the 
observations. The apparent weight of t la- 
plummet and the reading of the hydrometer, 
which correspond to the standard temperature 
of the hydrometer, an- obtained from the 
two graphs. A previous determination of the 
weight of the plummet in air and in distilled 
water respectively provides the remaining 
data required for calculating the density of 
the liquid, and hence the correction to the 
hydrometer. 

The procedure outlined gives results suffi¬ 
ciently accurate for most hydrometers. For 
instance, if a plummet whoso volume is .">0 c.e. 
is used, and the weighings are accurate to 
within milligrammes, the densities will, so far 
as the weighings are concerned, be correct to 
one unit in the fourth decimal place. Actually, 
of course, the weighings ran he carried out to a 
closer accuracy than ■> milligrammes with an 
ordinarily good balance. An error of 0 1 ('. in 
temperature observations will, generally speak- 1 
ing, correspond appioximately to an error of i 
oik* unit in the fourth decimal place. 

I or more accurate determinations, the ! 
temperature of the liquid in the vessel A may 1 
be controlled by surrounding it with a water- : 
bath provided with a thermostat. 

Another improvement is to use two plummets of 
equal mass hut of different volumes, one suspended 
from each arm of the ha lance. The difference in ; 
the apparent weights of the tw plummets when 
immersed in a liquid ( I.p. the weights required on the : 
side of the balance- from winch the plummet of larger 
volume is suspended, in order to prodm-e equilibrium) 
is then the weight of a volume of liquid equal to the , 
difference in volume of the two plummets. Thi- i 


I difference in volume* is determined bv weighings in 
distilled water. The plummets can be readily 
interehangi-d on the balance and the advantages of 
“ double weighing ” obtained. Further, if the plum¬ 
mets are suspended by means of platinum wires 
which are equal in diameter, the downward pull on 
each wire due to the effects of surface tension will he 
equal and hence need not he taken into consideration. 

The outstanding advantage of the above method 
of standardising hydrometers is that, the density 
of the liquid is determined simultaneously with the 
I hydrometer reading, in t’ e same liquid and under 
j identical conditions. 

If a pyknometer is used to determine the density, 
then the sample of liquid in the pyknometer may 
not he identical with the hulk of the liquid in which 
the hydrometer is read, neither as regards composition 
nor temperature. 

§(1*1) Comparison ok IIydromiitern. —The 
method of standardising hydrometers described 
in the preceding paragraph is. of course, im¬ 
practicable where large numbers of hydro¬ 
meters have to he dealt with because of the 
amount of time which it would involve. In 
dealing with numbers of hydrometers either 
in the course of manufacture or testing, it is 
customary to make use of a standard hydro¬ 
meter whose corrections have been carefully 
determined. 

The comparison of hydrometers with the 
standard instrument is best carried out in a 
vessel which is large enough to allow two 
hydrometers to float side by side without, 
danger of fouling either each other or tin- sides 
of tin- vessel. A convenient vessel for the 
purpose is one of rectangular cross section, 
and if its internal dimensions an- 111 in. by 
2.1 in. by 4.1 in., it will lx- big enough to 
accommodate all lmt exceptionally large 
hydrometers. The front and hack faces. />. 
the two broad faces, of the vessel should be 
ground plane and well polished, and the glass 
should lie quite clear and free from striae and 
similar defects. By this means distortion of 
the hydrometer si_ah- when viewed through 
i th(^ front face of tin* vessel is avoided, 
i A screen placed behind the vessel, as shown 
f in Fig. 0. facilitates faking readings on (he 



Front Elevation Side Elevation 


FiU. 0. 

hydrometers. The top half of the screen is 
painted a dead black, and tin- bottom half is 
white. The screen is inclined at an angle 
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bohiml the vessel, so that the bottom half 
reflects light, through the liquid. The junction 
of the black and white portions of the screen 
is arranged to be horizontal and slightly below 
the level of the surface of the liquid in the 
vessel. In order to obtain accurate hydro¬ 
meter readings, it. is necessary to place the 
eye exactly on the level of the liquid surface. 
Tile screen helps to secure this condition. Jf 
the eye is placed much below the level of the 
liquid surface, the latter appears as a white 
rectangle. On raising the head, the rectangle 
becomes narrower, and changes from a white 
to a dark rectangle, whose front edge is 
bounded by a very sharply defined white line 
formed by the. boffom edge of a narrow white 
band, which crosses the front, of the vessel 
at the base of the meniscus formed against 
the inside of the front face. At the same time 


is placed in the liquid, care, being taken only 
to release the instrument, when it is near to 
its position of equilibrium, and so to avoid 
wetting the stem for any appreciable distance 
beyond the point at which if intersects the 
liquid surface when the hydrometer is floating 
freely. Whilst placing tl^ second hydrometer 
in the liquid/ the standard is lifted slightly, 
and held so that the introduction of the 
second hydrometer does not cause the stem 
| of the standard to be wetted beyond its reading. 

Uoth hydrometers arc released only when 
[ they have been adjusted approximately to 
| their position of equilibrium. The reading of 
each is then noted approximately. The top 
of each hydrometer is then gripped by the 
thumb and first linger of the left and right 
! hand respectively, and both instruments aie 
: immersed, so that their stems are wetted for 


a while ellipse appears around the stem of j an equal distance (1 cm. to 2 cm. is a con- 
the hydrometer. On raising the head still venient distance) beyond their reading. When 
further the ellipse, becomes thinner, and the ' in this position, the grip on the hydrometers 
rectangular surface becoming more fore- is entirely relaxed, and the hydrometers ale 


shortened, the ellipse at the same time appears 
closer to the white line tielining the front edge 
of the rectangle. Finally, when the eye is 
exactly on the level of the liquid surface, 
the ellipse, which has now become practically 
it thin strai>_dd line, merges into the white 
line forming the front edge of the liquid 
surface. On dropping the head slightly the 


kept, in position simply by 
the top of the stems pressing 
against the V formed by the *'v, 
linger .and thumb (see fig. 7). 
The bunds may then be with¬ 
drawn without disturbing the 
hydrometers, and the latter 
tli('n rise and finally settle 



ellipse immediately becomes visible once down after a few oscillations |.’iq. 7 . 


more in the dark surface of the liquid. A 
little practice soon enables one to bring the. 
eve to the correct position with much more 
certainty than when viewing the surface 
without the screen, and simply using the 
foreshortening of the liquid surface into a 
straight line as a criterion of the correct 
posit ion. 

The solutions to lie used for the comparisons 
should be stored in the room in which they are 
to be used. It lias been shown previously 
that' the dilTereiiee between the readings ot 
two hydrometers is independent of the lenf- 
perature at which they are compared. The 
temperature should, however, remain as nearly 
us possible constant throughout the com¬ 
parisons. The solution should be thoroughly 
stirred after being transferred to the vessel in 
which the hydrometers are to be read. 

The hydrometers, particularly the stems, 
should be thoroughly cleaned before use. 
Once cleaned, the hydrometers should, as 
far as possible, only be handled by taking 
hold of the extreme top of the stem above 
the highest graduation mark, and on no 
account should the portion of the stem occupied 
by the graduation marks he lingered. 

The hydrometers having been cleaned and 
the liquid made ready for the comparisons, 
the following is a convenient method of carry¬ 
ing out the comparisons. First, the standard 


into their position of equili¬ 
brium, and when both are quite stationary 
the reading on «*arh is noted. 

The standard is then held with one hand, 
and the other hydrometer is removed from 
the vessel. The next hydrometer to be com¬ 
pared with the standard is then introduced, 
with the same precautions as before, and the 
interval during which this and the standard 
are settling down to their final reading may 
be occupied in drying the hydrometer first 
compared, as it is inadvisable to leave the 
1 instrument lying about wet if a second com¬ 
parison is to be made against the standard at 
1 another point on the stem. 

It is sometimes reeommemleil that hydrometers 
may he eompared with a standard using mi ordinary 
cylindrical hydrometer trial jar. The standard 
hydrometer is lirst read in the liquid, and then ft 
small number, sav six. of the hydrometers to be 
checked are read successively in the same liquid. 
The standard is then read once more in the liquid, 
a second set of six are then read successively, and so 
! on, readings being taken on the standard between 
! each set of readings on the hydrometers to he checked, 
j This method is not nearly so satisfactory as having 
j the standard hydrometer and the one to he cojn- 
! pared with it floating side by side in the same 
I vessel. 

§ (14) Emu ms uvv. to Surface Costamina 
i tion.—K nurs in hydrometer readings due to 
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contamination of the liquid surface may be 
minimised by overflowing the liquid just 
before taking a reading, and so obtaining a 
freshly formed liquid surface. An apparatus 
designed to permit renewal* of the liquid 
surface by overflowing is shown in Fig. 8. 

“ The manipulation 1 is as | 
jj follows : The cyi'nder is filled j 

J~Mn nearly to the sf/out by the j 

CL V liquid whose density is desired, j 
H™ or in which hydrometers are | 

\ czJ to be compared. The hydro- | 

! meter is then immersed in the ; 

liquid, and permitted to float 1 
freely until it has assumed the J 
temperature of the liquid. The * 
hydrometer is raised to permit j 
thorough stirring of the liquid, j 
The temperature is observed , 
if desired. From a beaker of j 
the same liquid enough is 
Km. s. poured into the funnel to cause 
the liquid to overflow and run 
out the spout, where it is caught in a 
convenient vessel. 

**The hydrometer is then read. The com¬ 
pleteness of the cleansing of the surface of 
the liquid may be tested by repeating the 
operation as the readings will approach a 
constant, value as the surface becomes normal. 

" The necessity for such special manipula¬ 
tion is confined to the reading of hydrometers 
in liquids which are subject to surface 
contamination. Such, in general, are aqueous 
solutions or mixtures of acids, alkalies, salts, 
sugar, and weak alcoholic mixtures. Oils, 
alcoholic mixtures above 40 per cent by 
volume, and other liquids of relatively low 
surface tension are not, in general, liable to 
surface contamination sufficient to cause 
appreciable changes in hydrometer readings.” 

One other point in connection with the comparison 
of hydrometers should he noted. If the hydrometers 
compared have very nearly the same range and dimen¬ 
sions, in particular, stems of approximately the same 
diameter, then it is immaterial in what liquid they are 
compared. If, on the oth»-r hand, the standard 
differs appreciably from the hydrometer to he 
cheeked, then the comparisons should he earned out 
in the liquid in which the hydrometer is to he used, 
or else an allowance made for the difference in surface 
tension between the liquid used for the comparisons 
and the liquid for which the hydrometer is required. 

§ (15) General Specification for Glass 
Hydrometers. —Hydrometers should be made 
from glass free from striae anti similar defects, 
and in particular the surface of the stem 
should be quite smooth. The glass should be 
of a kind which sufficiently resists the action 
of chemicals, and possesses properties such as 
would render it suitable for use for thermo* 

1 Circular of the Bureau of Standard*, No. 1C, 
1910, p. U. 


! meters. Hydrometers should be thoroughly 
annealed before they are graduated. A 
hydrometer should be everywhere symmetrical 
about, its vertical axis. 

When mercury is used for loading, it should 
be contained in a bulb at the base of the hydro¬ 
meter, which is sealed off from the rest of the 
instrument. When lead shot or other loading 
material is used, it should he fixed in position 
by means of a suitable cement, which will 
not soften at the highest temperature at which 
the hydrometer is likely to be used. No 
loading material should be left loose inside 
the hydrometer. The hydrometer must be 
loaded so that the instrument floats with its 
stem vertical. 

The scale should bo fixed in position, so as to 
prevent all possibility of it slipping, and paper 
of high quality should be used. 

The graduations should be without evident 
irregularities. The graduation marks should 
be made by fine straight lines, which lie in 
planes perpendicular to the axis of the hydro¬ 
meter, so that they are horizontal when the 
stem is vertical. The shortest, graduation 
marks should extend at least one-quarter the 
way round the stem. Sufficient lines should 
be numbered to enable the exact reading at 
any point to be readily noted. Generally 
speaking, at, least every tenth line should be 
numbered. The use of abbreviated numbers 
should be confined to the central portion of 
j the scale, and the end graduation marks 
should he numbered in full. The numbers 
I should not encroach on the space oeeujiie.il 
; by the shortest graduation marks. The 
numbered marks should be carried at least, 
half-way round the stem, and the scale should 
• !>e straight and without twist. The gradua- 
! tion marks should in general be not less than 
j 1 mm. nor more than 2 mm. apart. 

The stem should extend from li cm. to 
j !! cm. beyond the highest graduation mark, 
I and the lowest graduation mark should be at 
I l»ast 5 mm. from the junction of the. stem and 
the bulb. 

A fundamentally important point is that 
j each hydrometer should bear an explicit 
I inscription giving the basis on which the scale 
I is constructed. The inscription can, of course, 
be abbreviated. For example, the inscription 
“ |,- at 00° F.” is quite sufficient to in- 

60" F. 

dieate that the hydrometer is intended to give 
} specific gravities at. ti0° F. relative to water 
| at <)0° F. as basis, the readings being taken 
! at F. 

If the hydrometer has an arbitrary scale, 
e.g. Baumc, the exact definition of the scale 
should be given on the instrument. 

The inscriptions on hydrometers are often 
inadequate, and at times misleading. As an 
example of the former, a hydrometer marked 





HYDROMETERS 


443 


“ Alcoholometer 15° C.” is quite inadequately 
marked. The inscription might be equally 
true if the hydrometer indicated percentages 
by weight, percentages by volume, proof 
strength or degrees Sikes, and is not sufficient 
to deiine the scale precisely. A misleading 
inscription met with by the writer was 
“ specific gravity, 8f>° K.” on a hydrometer 
whose readings in sugar solutions at 8. r >° F. 
were intended to give the specific gravity 
N(;()■* |.’, which the solutions would haw* had if 

fiiF'K 

Cooled down to (»0‘' K. 

§ (Hi) Metal II ydkometers. —Hydrometers 
constructed of metal are open to very serious 
criticism, and they have many disadvantages 
as compared with glass hydrometers. 

In the first place, metal hydrometers are 
very liable to undergo changes in weight, due 
partly to corrosion and partly to wear. In 
order to lessen the changes due to the. former, 
metal hydrometers are plated sometimes with 
nickel, more frequently with gold. The Sikes 
hydrometer, legalised in this country for 
determining the strengths of spirits, is a 
gold-plated instrument. Whilst lessening the. 
liability to corrosion, gold plating increases the 
liability to change in weight due to wear, 
(•old is a soft metal, and also a heavy one. 
A gold-plated Sikes hydrometer has an outer 
layer whose density is about twenty times 
the bulk density of the instrument. The 
plating inevitably wears away in the course 
of time, and so the hydrometer becomes pro¬ 
gressively lighter. The seriousness of this is 
clearly indicated by the fact, that hydrometer 
makers regularly enter into contracts with 
users of these instruments to adjust and re¬ 
gild them at intervals. 

Another disadvantage of metal hydrometers 
is that they are liable to develop leaks at the 
joints. 

The bulbs of metal hydrometers are neces¬ 
sarily made of thin sheet metal, and are liable 
to he dented, and thus to have, their voluiflc 
changed. 

A metal surface is much less readily wetted 
than a glass one. In weak alcohol solutions, 
for example, it is extremely difficult to obtain 
a well-formed meniscus around a metal 
stem. 

The graduation marks and numbers are 
engraved on the stems of metal hydro¬ 
meters. Air bubbles are apt to cling to the 
indentations thus formed on the surface of the 
stem. 

The above disadvantages do not occur with 
glass hydrometers. There is, however, one 
undeniable advantage which metal hydro¬ 
meters possess over glass ones, viz. they can 
be made much more compact and portable. 
To obtain the same range and openness of 
scale as an ordinary metal Sikes hydrometer 


provided with nine poises, it would be neces¬ 
sary to have at least live glass hydrometers, 
in order to keep the size of the glass instru¬ 
ments within reasonable dimensions. 

(llass hydrometers are also more likely # to 
be broken tha/i metal ones. There is reason, 
however, for preferring the glass hydrometer 
even on tlii.y score. So long as it remains 
intact, a glass hydrometer can be relied upon, 
and when broken the fact is apparent. A metal 
hydrometer, on the other hand, may become 
seriously out of adjustment without the 
defect being realised. It is also quite probable 
that the cost of replacing breakages in the 
case of glass hydrometers would not exceed 
the cost of readjustments in the ease of metal 
ones. 

§ (17) Tolerances. —A reasonable tolerance 
to allow for the error at any point on a hydro¬ 
meter scale is plus or minus the scale equiva¬ 
lent of I mm. to l b mm. The difference in 
the errors at any two points on the stem 
should not, exceed the maximum error 
allowed at a point-. 'This represents a degree 
of accuracy which should be attained bv 
manufacturers without entailing excessive 
cost of production. 

§(1H) Different Types of Glass Hydro¬ 
meters. —The form of hydrometer which is 
perhaps of most frequent occurrence is that 
already shown in /■’/;/. 1, p. 131. This is a 
very satisfactory and serviceable form of 
instrument. The hydrometer being, however, 
a lamp-blown article, variations in form can 
be readily introduced. Consequently, the 
cylindrical bulb is frequently replaced by 
pear-shaped, spherical, and a variety of other 
shapes of bulbs. No particular advantage 
attaches to any of the types, except in very 
special eases, which would make them prefer¬ 
able to the simple cylindrical form for general 
use. 

One particular ease where a bull) other than 
cylindrical in form is advantageous is that of 
accumulator hydrometers used for determining 
the density of the acid in situ in accumulator 
cells. In this ease a hydrometer with a 
ilattenod bulb is preferable, as it can be 
inserted between the plates of the accumulator 
with less risk of touching the plates and so 
giving a false reading. 

Most hydrometers are adjusted t«> ho read 
at the intersection of the level liquid surface 
with the stem. In some cases, however, they 
are adjusted to be read at a definite distance 
above the liquid surface. This mode of ad¬ 
justment is convenient in the case of accumu¬ 
lator hydrometers, as readings can then be 
taken above the level of the plates. A hydro¬ 
meter adjusted on tins principle is shown in 
Fit/. 9. The hydrometer scale is read opposite 
to the top edge of the float shown in the dia¬ 
gram, and the float also serves as a fender to 
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keep the hydrometer from coming into contact 
with the plates of the accumulator. 1 

Hydrometers arc, frequently made with 
thermometers enclosed iusidc % them. Quite 
• ^ as reliable r'suits may he 

obtained, howVvcr, with an 
ordinary bydiMmetcr, using 
a separate thermometer for 
reading the temperature. j 
The scales adopted for ] 
hydrometers are almost [ 
infinite in variety. ,Eaeh j 
industry in which hydro- ! 
meters are used appears to ! 
have its own selection of . 
scales. The following quota- , 
lion from J)>tirij ChvuiiMnj j 
by 14. L). Richmond illus 
(rates this : 

“Soxhlet'slirtometer contains 
a scale from 2.1 (J <>2.1) to .'to I 
(I-(ft."*) divided tip into suitable ; 
divisions or 
" N’ietlis’ lactometer lias a globular body : it i 
requires a smaller bulk and depth of milk than ! 
So\hli?t‘s, and is suitable for taking the specific j 


gravity in a half-pint can. The scale reads from 
2 o to ‘t* ‘. 

“ QueVcnnes' lactometer has a seaie from to to | 
40 and is marked to show proportions of water added 
to milk and skim milk respectively. The auxiliary j 

Wale is useless. 

“ Another form of lactometer, the name of whose j 
inventor is deservedly lo-U in oblivion, has a scale ■ 
from 0 to 1(H). 0 being equal to a specific gravity ; 
of 1 l >00 (water), and 100 being equal to a specific 
gravity of 1 029. It is of no practical use in milk- i 
testing. 1 

“Still another form is marked M at 1 -029 and \Y • 
at 1-000, the intermediate space being divided into '■ 
quarters ; the- form is a mere toy." 


§ (19) AUOIIOLO.M KTlIY AND SaUCHAKO- 
m etky. -- I’artieulars of the more important 
instruments used for the determination of 
mixtures of alcohol and water or the strength 
of sugar solution are given in the articles on 
Aleoholoinetry and Naecharomctry. to which 
reference should be made. A comprehensive 
account of a largo number of types will be 
found in the Jltnidhuch tier Jr/iowdoV, by Dr. 
•I. J)omko and l)r. F. Reimerdes. v ^ 


Hvetograpii : a st'lf-recording rain-gauge. 
See “Meteorological Instruments," $ (It) 
(ii.) (A). 

11 Y0ROMKTER : 

I. Assmanns. See “ Humidity,” II. § (9). 
Formulae for reduction of readings of. 

Nee ibid. 11. £ ( I) (ii.). 

II. Dew-point: 

Types of : 

(i.) (Vova’s instrument. Nee ibid. II. 

JM- 

(ii.) Danicll's apparatus. See ibid. II. 

J(i>. 

(iii.) Rcgnuult's apparatus. Nee ibid. 

II- HI) <> 

FH’eet of wind on. Nee ibid. II. § (2). 
Theory of. See ibid. II. $ (.‘{). 

III. Hair. See ibid. II. § (10). 

IV. Wet- and dry-bulb : 

Description of. See ibid. 11. $ (4) (i.). 
Formulae for reduction of readings of. 

See ibid. 11. § (4) (ii.). 

See also “Thermometers, Wet-bulb.” 

H vo r< >s< '< ten• S u ustan<■ i-;s ; 

FlTect of humidity on. See “Humidity,” 

II- §(14). 

Properties of. See ibid. IT. $ (It). 


1 See “Seinndary (YU Maintenance,” /'osl Offir.- , 
KIM rind Eiuji>mr:<' Jounttd, January l!>i f, lor | 
information regarding the use of hydrometers in | 
conneetiim with accumulators. 


IJ VPSoMETKR ApPARATI S KOR MEASUREMENT 
oi-biiAviTY atSka. See 14 Gravity Survey,” 

§ (•"') ,ii.) (")■ 


— I - 


If?E, range of, between summer and winter. 
See “ Atmosphere, Thermodynamics of 
the,” Fiy s. 1-4. 

IOE-ORYSTALS IN THE AtMOSPH KR Ii. See 

“Meteorological Optics,” §§ (17), (IS). 
Indian Geodetic Survey Four-metre Com¬ 
parator : description. See “ Comparators,” 
§ (»). 

Indian Survey Apparatus for Measure¬ 
ment ok Gravity. See “ Gravitv Survey,” 
§ (2) (iii.). 

Indicating Devices used in Metrological 
Measurements: conversion of linear to 
angular movement. See “ Metrology," 

§ m (M. 


j I’izeau dilatometer. See ibid. § (4<>) (v.) (e). 
Magnitieation of linear motions by mechani¬ 
cal levers. See ibid. § (4(>) (ii.). 

Miehclson interferometer. See ibid. § (4fi) 

(v.) (<;)• 

Proportionality of scales. See ibid, § (,‘M») 
(iv.). 

Pure mechanical lever magnitieation (Dr. 
P. E. Shaw’s machine). See ibid. $ (415) 

(ii-). 

The gravity piece. See ibid. § (.'Hi) (v.) (o). 
The liquid indicator. See ibid. § (4t>) (v.) (/■). 
The. optical lever. See ibid. § (.4(1) (iii.). 

The telephone contact (Dr. P. F. Shaw’s 
machines). See, ibid. § (4<») (v.) (d). 

The tilting level. See ibid. § (4(1) (v.) (b). 
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Tut ton wave-length comparator. See ibid. 

§ m (v.) (e). 

Ultra-micrometer (Whiddington and Dow¬ 
ling). See ibid. § (2(i) (v.) (j). 

Indicator, used to read the top of the mercury 
column in terms of the barometer scale : 
the vernier is the usual device used. See 
“ barometers and Manometers,” § (3) (i.) (</). 
Indicator, Calibration ok, for use. in 
metrological measurements. See “ Metro¬ 
logy," I X. § (32) (ii.). 

1N 01(’AT< )R - n I A(i 1! A MS FOR SATURATED AlR. 
See “ Atmosphere, Thermodynamics of 
the,” §§ (22), (22). 

Indicators and Measurers, Functions of, 
in Metro noiiiCAL Ohskrvations. See 
“ Metrology,” IX. §(fc>) (i.). 

1XSTKCMENTS, TJIE DESIGN OF 
SCIENTIFIC 

§ (1) Introductory. ---The advancement of 
knowledge in many brandies of science is the 
result of making accurate measurements of 
natural phenomena or of the physical! properties 
of matter. Those measurements are made 
with seientilie instruments, or philosophical 
instruments, as they were formerly called. 
Also suceessful leaching of most, sdenees can 
only he given with the aid of seientilie instru¬ 
ments. This is especially true in the ease of 
Physics. It is now realised that, efficiency 
in many industrial processes can only be 
secured from the data, obtained by accurate 
measuromen', and seientilie. instruments are 
largely used as manufacturing tools. Instru¬ 
ments may be used for producing and exhibit¬ 
ing some phenomena giving only qualitative 
results. 'Plus is especially the case in the 
early stages of the development of a branch 
of pure science. Generally, however, little 
progress is made until measurements can be 
taken, though the qualitative instruments are 
useful in teaching. The essential qualities 
of a goo< 1 design are different in instruments 
used for each ol these classes—research, teach¬ 
ing, or industry. Before detailing these, 
qualities we will lirst consider a. few funda¬ 
mental points in the method of taking measure¬ 
ments and the use of instruments. 

§ (2) Methods ok Measurement. —Measure¬ 
ments by an instrument are made hy means 
of some phenomenon capable of giving signals 
to t he observer's brain. 'Phis is also the ease 
when photography is used or autographic 
records are made. The most usual, most 
convenient, and generally the most, accurate 
method of measurements is by observing the 
coincidence of two objects in space hy the eye; 
however, when the coincidence is not perfect 
the distance between the objects should ho 
estimated. But the fact that the observer 


has two eyes or two ears allows other methods 
to he used occasionally. The head is itself 
an instrument, which can he used in an 
approximate way as a range-finder, or as a 
j direction indhAtor for sounds without the 
; use of eoincidfuccs. Apart from these slight 
exceptions, cilery seientilie measurement ulti¬ 
mately depends on observing coincidences. 
'Pile physieal/property being observed is tested 
. against a similar physical property capable of 
variation, and when the balance is correct the 
fact is signalled to the observer in one of several 
ways* This may he called the null method. 
The signal is usually given by the eye, occasion¬ 
ally by the ear, and may he given by touch. 
When the eye is used the most common method 
is to observe the position of some indicator 
ill space. In weighing a mass on a balance 
i the observer obtains the signal by eye when 
the pointer is not deflected from its equilibrium 
! position. With an instrument for use in a 
laboratory in which the forces available for 
giving indications are small, the indicator is 
often a spot of light. If the forces are large 
enough, hut still small, and especially if the 
instrument, is required for workshop use, the 
indicator may he a. pointer moving near, hut 
not in contact with the scale. Lastly, if the 
forces available an* large, tlie indicator may 
he a vernier in contact with the scale. Each 
of tliese designs has inaccuracies peculiar to 
itself which can generally lie reduced by 
good design. The eye can also he used to 
observe the brilliancy and the colour of light. 
The equality of two colours can he used to 
indicate the equality of the observed physical 
properties, or the brilliancy of the illumination 
of two optical fields can he used as the signal; 
photometers, and some optical pyrometers, are 
examples. If the signal is a sound it may 
alter’in magnitude, in pitch, or in the phase 
of tin* sound waves. These methods are not 
often used, hut examples can be found of each 
of them. For instance, the magnitude of the 
sound on flu* telephone is used with a 
Wheatstone bridge for indicating the balance- 
point for alternating current. The difference 
of pitch between two sounds is used for 
adjusting tuning-forks, and the difference of 
phase between two sounds, combined with 
hi-aural hearing, has been used for locating 
submarines and aeroplane*;. 

In many instruments the null method is 
not, used. In order to save time and to make 
the reading simple, scales or units of material, 
such as weights or electric resistances, are often 
used. But every measurement taken hy such 
means depends on the calibration of a scale in 
which the null method was used. 

Consider the measurements of length, mass, 
and time. 

The unit of length is given hy a certain piece 
of material which is supposed to remain 
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constant in shape, and is the legal standard of 
length. Scales equal in length to the standard 
are made by the null method ; scales of other 
lengths are made by a process of adding and 
subtracting. * 

*l’he standard of mass is a y'rtain piece of 
matter which is assumed to re^nain constant. 
Then by a null method of weighing this mass 
against an equal mass in a balance a series of 
equal masses is obtained, and by a process 
of adding and subtraction a scries of masses 
of different amounts is made. 

In the ease of time the rotation <*>f the 
earth is the unit, and the scale of time is 
obtained by dividing the mean solar day 
into equal parts. These subdivisions of time 
are compared by observing the motion of 
bodies which are oscillating or moving at 
uniform rates. 

In designing a definite instrument we have 
first <o find a chain of physical phenomena, the 
last of which can be measured in some easy 
and accurate way. Tor example, suppose the 
measurement of a high temperature is required, 
and we adopt as the first link in the chain of 
phenomena the thermoelectric effect between 
two dissimilar metals. The electromotive 
force obtained is a known function of the 
temperature. If a workshop instrument, is 
required the use of complicated potentiometer 
methods must not be used, and the next step 
is to convert the. electromotive force into a 
current, which is measured by converting it 
into a force by a galvanometer. This force 
is measured hv a spring, ami the temperature 
is read by the movement of a pointer over a 
scale. 

In this example the five steps in the chain 
are— 

(i.) Conversion of temperature into electro¬ 
motive force. • 

(ii.) Conversion of electromotive force into 
current. 

(iii.) Conversion of current into electro¬ 
magnetic force. 

(iv.) Balancing this electromagnetic force 
against the force of a deflected spring. 

(v.) Measuring the force causing the deflec¬ 
tion of the spring by a pointer moving over a 
scale. 

§ (.4) Requirements of Good TJesjun.— 
The following chief requirements of a good 
design in instruments will be considered in 
detail: accuracy, sensitirity, robust ties*, con - 
v°nience and rapidity in use, simplicity and 
cheapness, bad desiyn and //noil workmanship, 
durability , dam piny. The important question 
of geometric design will then be considered 
and the method of procedure in preparing a 
new design. 

§ (4) Aa.TRACY. — An instrument should 
have the following qualities : 

(i.) It should have the required accuracy. 


The highest accuracy is not always necessary, 
or even advisable. 

(ii.) It should have constant accuracy, not 
dependent on position in which it is used or 
the magnit ude of the measurement taken. 

(iii.) Kvery important source of inaccuracy 
or error should be known, 

(iv.) If possible each important, error should 
he capable of elimination by taking two or 
more readings or by adjustment, of the 
instrument without other special apparatus. 

(v.) When an error cannot he eliminated it 
should not vary with circumstances. 

(vi.) When an error cannot: be eliminated 
it should, if possible, he capable of measure¬ 
ment by the instrument itself, without other 
special apparatus, so that the results may be 
ci >rrected accordingly. 

The accuracy which can be obtained is 
largely dependent on the costliness of the 
instrument, and there has usually to be a 
compromise between a simple and cheap 
design and accuracy. In many instruments 
there are parts which require, good and aecurato 
workmanship, such as a divided circle or micro¬ 
meter screw ; but the accuracy of the results 
should, as far as possible, he independent of 
the perfection of the construction in the other 
parts. The accuracy of any instrument 
depends upon a great number of errors intro¬ 
duced in many ways. These errors vary 
‘greatly in amount; some are very small and 
some comparatively large. The larger errors 
are the most important to reduce, and it may 
be an improvement in the instrument to reduce 
these errors by making the instrument, less 
simple and more costly. On the other hand, 
to reduce errors that are already small may 
actually reduce the usefulness of the instru¬ 
ment by increasing its complication and cost, 
as in this case the resulting improvement in 
accuracy may not be perceptible. It may 
j even happen that the inaccuracy of the final 
. reading is increased by reducing one of the 
errors which is already small, as by so doing 
another error which is not small may bo 
greatly increased. 

Let us consider the accuracy of the pyro¬ 
meter described above. It depends on the 
errors introduced at each step. The electro- 
j motive force is due to a difference in the 
temperature of the two junctions of two 
, dissimilar metals or alloys. The pureness of 
i the alloy will cause errors, and an error in 
knowing the temperature of the cold junction 
will cause an error in the final readings. 
Also the hot junction may not be at the 
temperature to be measured. In the next 
step the electromotive force produces a 
current in a resistance which will vary with 
change of temperature and from other causes, 

! and these errors may he considerable. The 
; magnetic field of the galvanometer may alter 
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and cause errors. The spring will have errors 
due to fatigue, permanent set, corrosion, and 
temperature. Friction of the pivot will cause 
errors in the position of the pointer, and there 
may he errors in the scale from which readings 
are taken, and personal errors in reading the 
position of the pointer on the scale. 

§(5) Sensitivity. —The final accuracy of 
an instrument partly depends on its sensitivity. 
In a sensitive instrument a small change in 
the property to he measured or observed 
gives a large change in the observed 
phenomenon. To obtain a certain amount 
of accuracy the sensitivity must not be too 
small ; but increasing the sensitivity may not 
increase the accuracy, and a large increase may 
often diminish it. An instrument with a high 
degree of sensitivity is harmful, as it gives a 
false impression of accuracy; and this may 
seriously mislead the observer. 

In order to obtain the required sensitivity 
in an instrument, optical magnification is 
often used. This may consist <>f a high- or 
low-power microscope or a simple lens. Or 
mechanical magnification may bo used. 

Magnification by resonance is sometimes 
used, for instance, in tint measurement of 
alternating electric currents, and largely in 
wireless telegraphy. 

The phenomenon of resonance, besides being 
useful to obtain magnification, may Ik* a serious 
source of trouble and error. The pointer of 
an instrument may vibrate so much that its 
position cannot he lead. 

Another method of obtaining magnification 
is by using relays or ampliliers, particularly 
in electrical work. The distinction between 
these magnifiers is important. In the null 
method a relay may bo useful to magnify the 
signal which shows out of balance and make it 
appreciable to the observer. When the result 
is obtained by reading the amount of a move¬ 
ment an amplifier is useful, but not a relay. 

§ {(>) Hoihistness.— An instrument should 
he robust, and it should not he easily da im¬ 
aged by rough handling; if possible, all parts 
should he strong enough t<> withstand acci¬ 
dents and the usual stresses due to transit, it 
need not. he clumsy or unnecessarily massive, 
but delicacy is essential in some part** of certain 
instruments. An instrument is sometimes 
praised because it is delicate, whereas the 
design should he condemned if it is unneces¬ 
sarily delicate. 

(beat sensitivity may he the highest praise 
that can be given to an instrument, as it can 
he used to measure very small quantities. A 
robust, instrument can he very sensitive and a 
delicate instrument far from sensitive; and we 
may define delicacy as the opposite of robust¬ 
ness. Some instruments must he delicate in 
order to fulfil their duty, and require great 
skill in their manufacture. In such instru¬ 


ments it is the skill rather than the design to 
which the praise is due. 

§ (7) Convenience in Use and Need for 
Dexterity. —An instrument should not re¬ 
quire skill or Jlext.erity in its use, and tin* 
results should me obtained quickly; hut this 
is less impor ant in a laboratory than in a 
workshop in ( rtrumenl for commercial use. 
If possible, an instrument should be tit to 
bear rough handling. Safety devices may he 
introduced which make improper manipula¬ 
tion impossible, or protect the. instrument 
from ‘ their had effect. For instance, the 
coils of galvanometers may be automatically 
clamped by the shutting of the covers, or by 
the act of lifting the instrument from the 
table, preventing the suspensions from being 
broken, or the pivots being damaged. 

Farts which require manipulation should he 
easy to handle, and movements should he 
without backlash, so that no special care is 
required to avoid errors from this source. 
Any parts that require lubrication should he 
accessible. Scales should he easy to read, and 
parts which may be damaged by dust or dirt 
should he covered, or they should he easy to 
clean. The design of the instrument should 
differ according to the skill of tin; observer 
who will use it and the place where it will he 
used. The method of taking observations 
should be easy and the process pleasant to 
perform, not trying to the eyes, and as little 
fatiguing as possible. Fatigue is bad in itself ; 
and a tired observer will increase errors in 
the results. 

§ (S) Simplicity anu Cheapness.-- -In order 
to reduce the cost it must be known who is 
to use the instrument, where it is to he used, 
and for what particular purpose it. is required. 
An experimenter may require apparatus for a 
special piece of new work, and often good 
results are obtained with roughly made 
apparatus when in skilful hands. Its design 
requires great knowledge and skill, and the 
greater the ability of the experimenter the 
simpler the apparatus will be. Probably most 
instruments were first made for use in this 
way. 

The manufacturer of seientilie instruments 
has a different problem. The design should 
differ according to the number required. 
The method of manufacture, and consequently 
the design, should depend on whether the 
number required is very large, considerable, 
or very small. The designer should he a 
mechanical engineer with much seientilie 
knowledge. He should be well acquainted 
with the methods of manufacture available, 
and, in order to avoid unnecessary costs the 
instrument should not require great skill to 
make. He should he familiar with the 
properties of many materials, and he should 
know the accuracy of the machine tools 
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available and the skill * of the workmen 
employed. 

It is often most difficult, to compare the 
relative merits of the severa-' methods of 
making one part of an lustrum! nt. It perhaps 
might be of east iron or gun-met d, ( >r a forging, 
or built up of plates, rods, d tubes. The 
advantages of the cast iron yin hardness, 
strength, stiffness, and oh. i apj\*ss must bo 
compared with ease of working and absence 
of corrosion in the ease of gun-metal. Iron 
often has the advantage, and is more used 
than was formerly the ease. Then, Tigain, 
a considerable increase of cost, or a slight 
increase of sensitivity or accuracy, must be 
compared. Castings must be suitable for 
the foundry; holes must be easy to drill, 
and worked surfaces la* in positions to suit the 
machine tools, and it must he easy to fix 
accurately tin* various parts together. Every 
detail should be examined from many widely 
different points of view, and the result is 
generally a compromise, often not easy to 
arrive at. An expensive instrument, if much 
used, may lead to real economy, as it may 
enable results to be obtained more rapidly 
than a cheaper and slower instrument, and 
much time will be saved. 

§ (!>) Bad J)i:sk.n and door, Workman¬ 
ship. —Some of the evil effects of bad design 
in an instrument may be reduced by excessive 
care and costliness in the workmanship. 
J5ut when this is the ease the evil effects will 
return when the instrument becomes worn 
or slightly damaged. In a well - designed 
instrument, accurate results can bo obtained 
even if its parts become worn or damaged, 
and the most skilful workmanship is not 
required. 

§(l<i) DruABiMTY. —An instrument maybe 
required for one piece <>f research, after which 
it may not be used again, but in most eases an 
instrument is for continued use, and should 
have a long life. Corrosion and chemical 
changes should not cause damage. Suitable 
materials should be employed and the surfaces 
well protected. Simple readjustment should 
enable the wear of the rubbing surfaces to be 
compensated. The wear should also be small, 
and the instrument should not be easily broken 
or damaged. 

§(11) Dampinc. Many instruments require 
damping, and the most suitable amount re¬ 
quires consideration. Accurate instantaneous 
readings of a changing phenomenon may 
be required. The phenomenon may be the 
fluctuating electric current in a galvanometer, | 
which has some moving part with inertia. 
Therefore it, cannot indicate the correct 
instantaneous value of the current. It, is 
only by proper damping that approximately 
accurate readings can be obtained. If an 
instrument is used ballist ieully the damping 


i should be small, and its amount should be 
; known in order that the. results may be 
corrected. 

i We may wish to measure the mean value of 
a regularly alternating phenomenon. The 
. phenomenon may be always positive and a 
true arithmetic mean be wanted, or the 
phenomenon may be alternating between 
equal positive and negative values, and the 
root mean square be wanted. The instrument 
must be well dumped if a steady mean value 
is to be read, and also the damping must 
lie of correct, type to give the true mean 
value. 

The designer must also remember that, 
apart from considerations of damping, if an 
instrument is to give approximately correct 
indications of a. fluctuating phenomenon the 
free period of the instrument undamped must 
be considerably shorter than the period of 
the changing phenomenon, or else the lag 
of the instrument will be so great that, the 
readings are valueless. 

§(12) ( Ieomethic Rknion, -This form of 
design can often be adopted with great 
advantage in scientific instruments. 

A rigid body has ti degrees of freedom, and 
if it is desired to have :t certain relative 
movement between two parts corresponding 
to one degree of freedom it is necessary that 
there should be a constraint between the two 
pieces at live points. Eor example, a recti¬ 
linear movement can be given to a moving 
piece bv five points on it in eon tact with a 
fixed piece, and each sliding along one of five 
parallel straight lines on the surface of a fixed 
piece. The correct shape can Ik* given to 
the sliding piece very easily, as no accurate 
machining or tilting of large surfaces is 
required, but the lived piece must have an 
accurate form. This form, however, can 
usually be cheaply and accurately produced 
by a machine tool. Eor instance, four of the 
straight lines on the lived piece may be on 
t^e surface of a cylinder, a form easy to make 
in a. Intlu* or grinding machine with great 
accuracy. The fifth straight line, however, can¬ 
not be on 1 he surface of the same cylinder. The 
actual diameter of the cylinder is unimportant, 
and no accurate fit, is required. Geometric 
design in an instrument gives movement of 
great truth with slight, and uniform friction 
and a reduction of cost. 

If a solid piece of an instrument is con¬ 
strained in more than six ways it will be 
subject to internal stress, and will become 
distorted, as it is not perfectly rigid. If mav 
be impossible, however, to detect, the distortion 
without the most exact, micrometrical measure¬ 
ments. Geometric, design reduces these internal 
strains which cause the bending of parts, thus 
giving rise t*. serious errors in badly designed 
instruments. 
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In instruments which arc exposed to rough 
usage it may sometimes he advisable to secure 
a piece from becoming loose, even at the risk 
of straining and jamming it; but in apparatus 
for accurate work it is essential that the ' 
bearings of every piece should he properly 
defined, both in number and in position. 

Two pieces must remain in contact at the 
requisite number of points. The forces re¬ 
quired can be given by gravity, but in 
instruments spYings are often used as the ; 
forces required are small. Much rare and ; 
thought should be given to the design of 
springs. Satisfactory action of springs is 
most important, and it is a common experience ! 
to find them the most troublesome part of an ; 
instrument to design. Sometimes a single 
spring will give all the desired constraint, : 
and this is satisfactory when the parts are ; 
still, but usually it is better to increase the 
number of springs and so diminish the stresses ! 
in the parts. It is usually advisable to have 
the spring under a fairly constant tension, 
and often the extension should be considerable 
and not vary greatly. 

We may give a definition of a geometrical ; 
design as follows: Two bodies designed to i 
work together with certain relative motion are 
said to lit geometrically when the number of 
relative degrees of freedom added to the 
number of relative points of constraint is 
exactly si v. 1 

Many types of design may be called semi- ; 
geometric, in which the bearing surfaces are j 
small surfaces instead of a near approach to \ 
points, or are lines of considerable width. ■ 
A lim* bearing will support a much greater 
pr.ssure than a point bearing, although ( 
much less than a surface bearing; it is not 
so simple as a point bearing, but is often 
simpler to adjust than a surface healing, ; 
For example, theodolites and astronomical ' 
instruments are universally supported by ; 
geometrical bearings consisting of cylindrical 1 
trunnions resting in two parallel Y supports. 

If the instrument is very light these V supports 
may be rounded so as to give four-point 
contacts with the two trunnions. 'Phis is a 
true geometric design. In heavier instruments 
each Y-piece will be formed of two planes. , 
In order to secure proper line contact the j 
plane surfaces in the supports must he in a 
definite position with regard to each other, j 
The design then may be termed semi-geometric. ; 

Not only does geometric design in general i 
secure cheap construction and accurate j 
movement, but backlash is easily avoided 
between the different parts. The trunnions ! 
in the theodolite are held down in the Y i 
supports by springs. There can never be 
shake in the movement even after much wear 
of the trunnions and supports. 

Clerk Maxwell, in the Handbook of the Special 


Loan Collection of Scientific Apparatus (187(i), 
writes: 

11 When an instrument is intended to stand 
in a definite position oil a fixed base it must 
have six bee/’ igs, so arranged that, if one 
of the beari .g were removed the direction 
in which \ic corresponding point of t,he 
instrument ‘would be left free to move by 
the other t bearings must be as nearly as 
possible normal to the tangent plane at the 
bearing.” 

This is an important principle, and applies 
also to moving pieces. The pressure at each 
bearing is then a minimum, and thus the 
friction is also at a minimum, giving smooth 
movement, and risk of jamming is greatly 
diminished; also springs required to avoid 
shake and backlash can be smaller and weaker 
than in other cases. Also any alteration of 
the distances between the original surfaces 
due to wear, elastic compression, denting, or 
dirt between the surfaces, will cause the 
minimum displacement of the pari. 

It is usually easy to arrange that a point 
on a piece of apparatus he adjustable in some 
direction. For instance, the point may be the 
end of a projecting screw. If this adjustable 
point is one of the contact points in a geometric 
design, adjusting the screw will slightly change 
the direction of a relative linear movement, or 
change the axis of a relative rotational move¬ 
ment, or the relative position of a piece which 
cannot move. This allows cheap construction 
with a high order of accuracy. This adjust¬ 
ment can also be used to compensate for wear 
at the rubbing surfaces, securing long life in 
the instrument without inaccuracies, (mud 
geometric design therefore gives a good method 
of reducing the fault it possesses of rapid 
wear due to small bearing surfaces. 

The use of the geometric principle also is 
nn*»t helpful in the design of rough apparatus 
when made bv the experimenter himself or 
in the laboratory workshop. 

'flic advantages of adopting a geometric 
design are many and very great, hut there are 
cases when it is best to disregard the principle 
entirely. Although ball bearings, are not 
scientific instruments they sometimes form 
part of them. They are most useful and 
successful, and as their design is far from 
being geometric th«- consideration of their 
design is most instructive. Their success 
depends oil good woikmanship and excellent 
material. The balls must be as nearly 
spherical as possible and of the correct 
diameter, and the hall races must also be true 
and of the correct size. The balls and races 
must be very hard, but not so brittle as to 
be liable It* break. These conditions can 
only be fulfilled by manufacture on a largo 
scale with good machinery. The interest in 
this ease is that, although the design is not 

2 o 
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geometric, the bearings are a most valuable 
invention, and they are now used in large 
numbers and undoubtedly their use will 
increase. They require little or no attention, 
and greatly reduce friction. a 

§ (13) Contrast in Design of instruments 
ant) Machines. —In instruments l,he magnifi¬ 
cation and transposition of disp. 1 moments is 
usually required, in machines mow often the 
magnification and transposition of torcc. 

Strength and efficiency are most important 
in the design of machines, and slight flexibility 
in its parts is often an advantage, as it relieves 
strains; but in instruments questions of 
rigidity may be of the greatest importance. 
Parts of the instrument often have to be so 
stiff that they do not bend or deflect a percep¬ 
tible amount under the small forces to which 
they are subjected. In machines large 
bearing surfaces where movement takes place 
should be provided, both to reduce wear and 
to avoid too great local pressures between the 
parts. In instruments, on the other hand, 
the pressure between moving parts may be so 
slight that contacts may take place almost at 
points. 

§(14) Alternative Methods. —When the 
exact requirements of the instrument are 
thoroughly realised many chains of physical 
phenomena should be considered, and the 
most suitable selected. Alternatives in the 
mechanical design of details should be similarly 
considered. A skilful designer will realise that 
his first design is extremely unlikely to be the 
best he is capable of making, tie should there¬ 
fore devise alternative designs, consider which 
is best, and discard the other. The process 
should be repeated again and again, and the 
more often it is repeated the better the 
ultimate result will be. The first design may 
seem satisfactory, but it is essential that its 
worth should be tested by comparison with 
alternatives. Patience is required, and the 
designer should adopt a frame of mind which 
will enable him to compare two of his designs 
as if they were not made by himself. The 
process of considering alternatives should be 
adopted down to every detail, and thus the 
number of alternatives compared becomes 
very great. In essential parts an alternative 
can often be made by fixing a part which 
moved and allowing a part which was fixed 
to become movable. For instance, a galvano¬ 
meter can have a moving magnet or a sus¬ 
pended coil; or a clock - driven drum can 
have the clock itself rotating with the drum 
or the clock itself can be at rest. The tempta¬ 
tion to consider the first invented design the 
best that can be found is great, and too much 
stress cannot be laid on the importance of 
comparing many alternatives. Usually the 
first conception of the design is complicated, 
and the development which takes place 


I during the process of comparing alternatives 
is towards simplicity without loss of accuracy 
or efficiency. j, D 

••- e. c. m. 

Integrating Mkch an ism ( Kelvin) for Water 
JV1 eter. See “ Meters for Measurement of 
Liquids,” § (T). 

INTEGRATION, MECHANICAL 
METHODS OF 

1 § (1) Introductory. —Practically all physical 
j investigators roly ultimately on some form of 
1 graphical representation as a convenient and 
i suggestive mode of expression for their experi- 
j mental results. Analysis of the curves then 
; provides the interpretation of the data found, 
i Not the least frequent step in such forms of 
j analysis is the determination of the area 
j included in a closed curve, or, what amounts 
■ to the same thing, the area between the curve 
and some given datum line. No loss than 
1 the physicist, the engineer is concerned with 
I the measurement of area in a multitude of 
i ways, as in the evaluation of the work done 
: during expansions and contract ions in steam 
cylinders, for example, by integration from 
indicator pressure diagrams, in the determina- 
; lion of centres of gravity, of buoyancy, and of 
I pressure, and moments of inertia of various 
ligures that arise in the treatment of strength 
! of materials or the pressure of winds or water 
I on immersed surfaces. Mathematically the 
question arises in the graphical analysis of 
: differential equations which cannot be solved 
i by purely analytic processes. Here usually 
: tho quantity required at any step could bo 

| written iri the form j <f>(x)dx, implying that 

! what is desired is the area enclosed between 
! the curve ?/- <j>(x) % the axis of x, an ordinate at 
i x~ a and an ordinate at all other values of x. 

; The result will, of course, be ffsolf a function 
! of x. and will consequently be represented as a 
! curve. For most experimental and engineer- 
, ing purposes, however, the upper limit, of this 
j integral is a definite fixed quantity, 
j § (2) Arithmetical Methods. — Various 
; arithmetical methods have been devised for 
estimating the area enclosed between the ar-axis 
and a given curve. These arc, in general, 
based on the assumption that for the purpose 
in question tho curve is represented with 
sufficient accuracy by another passing through 
a definite number of fixed points on the 
original curve, usually blit not always equally 
j spaced .r-wise, and consisting of a series of 
arcs of simple curves drawn through consecu¬ 
tive groups of such points. Perhaps tho best 
known, and in some respects the simplest, 
arithmetical expression for the area is that 
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provided by Simpson’s Role, where the arcs 
are simple parabolas: If the given area be 
divided into an even number of strips of equal 
breadth, h, parallel to the axis of y, and if the 
ordinates of the edges of these strips bo 
consecutively y v y.,, . . . y u , there being, of 
course, an odd number of such ordinates, then 
the area is very approximately given by 

h -* *■’ 

.(\!h + ’J»V 2(-y a + .I/S+ . ) 4 4(.i. . .)}. 

A less well known but more accurate formula 
is due to (Jauss, in which the ordinates arc 
measured at places not equally spaced but 
at positions dolinitely selected in the range 
irrespective of the actual form of the curve. 
As compared with Simpson's Rule for tin*, 
same number of ordinates, the accuracy of the 
estimate in area is nearly doubled by the use of 
this formula. For a curve of fairly continuous 
shape, speaking generally, a system of seven 
ordinates, for example, spaced in the special 
manner to be explained, gives results which 
differ from a careful planimetcr reading by 
loss than -4 per cent. If the total interval 
over which the area is required is from x—{) 
to x~j>, the ordinates are taken at the positions 
* 0 , x v . . . .r/, etc., whore 
xJp =- -5 xjp - 0745 Xilp~- -0255 
:r 2 Ip - -8707 x z 'lp - • • 121K1 
xJp- im xz'/p =-27‘)l. | 

IiOt. the actual corresponding ordinates he y n , j 
y |, Hi, y.,, y.,\ y :i , y./. 'these ordinates, be it j 
noted, are symmetrically spaced about the j 
central one >/ 0 . 'the area A is then given bv ! 
. ‘ ! 
v -’201H>// 0 -| •0(»47(y l -[ »//)+ f y.') j 

* •l!XW(4«t !/,’), I 


PP' of fixed length l move round the curves 
so that P and P' trace out the whole contours 
C and C' respectively. PP' will then sweep 
out a total area 8 - S' in making the complete 
circuit, w het I t O' is 
entirely iut ‘rior or 
exterior to*! C. If 
PP' and Qf' he any 
two consecutive posi¬ 
tions of the line, the 
inclination between 
them being the small 
angle <5'0=Z.RQ'Q, 
where RQ' is parallel 
to PP', then the area 
oA of the small 
quadrilateral PP'Q'Q swept out by the line is 
equal to the sum of the area of the small 
rectangle PP'Q'lt and the triangle RQ'Q. 

Lei P'Q'-otf, and 0 ~ angle between P'P and 
the tangent at P', that is between PP' and 
P'Q' ultimatelv, then area of PP'Q'R --Ids sin 
and of IIQ'Q-: }/ a <5(/>, 

.*. oA •- 15* sin 0 + m<f>. 

Integrating this expression over the com* 
pleto contour, 

S— S' - Ijds sin 0 -f \ . (1) 

Two eases must be considered. When the 
curve ('• completely encloses PP' moves 
always in the same direction round 0' and <j> 
increases from zero to 27 t as the complete 
circuit is made. In this case, therefore, 

JS — S' - / V/.s sin 0 h ttV-. . . (2) 

When C and (" are quite external to one 
another PP' ix turns back upon itself as the 
circuit is completed, so that idfi ~0; in this 



an estimate as accurate as that obtained by 
taking thirteen ordinates and using Simpson’s 
Rule. 1 

§ (3) Plani meters. Theory. To avoid the 
not infrequent heavy computation involved 
in such arithmetical methods of evaluating 
areas, many mechanical contrivances have 
been designed with a view to the direct 
estimation of the area by sweeping it out 
or tracing the enclosing curve. Such instru¬ 
ments are known generally as planimcters. 
Although historically most, planimcters have 
been designed to follow principles presumed 
special to the particular instrument, the 
general theory of the various types of plani- 
meter is included in the following theorem 
concerning the area swept out by a moving 
lino. 

Consider the two curves 0 and C' {Fig. ]), 
enclosing the two areas S and S', and let a line 

1 “On Oaiiss’s Theorem tor Quadrature and the 
Approximate. Evaluation of Definite Integrals with 
Finite Limits,” by A. H. Forsyth. F.it.S., lirit. Assoc. 
Reports on the State of Science, 15)19. 


• N— S'- Id.ssmO. . . (.’{) 

§ (1). The apparently diverse principles 
upon which the various types of integrating 
mechanisms are based are all particular cases 
of the foregoing general theorem. Let ('■' 
be a. given curve of known area S', and let ('• 
be the curve whose area S is required, then, 
from the above formula, S is definitely cal¬ 
culable provided the quantity fils sin 0 can ho 
evaluated. As w ill he seen presently, a simple 
mechanical method can easily he devised for 
evaluating this quantity directly, while a rod 
of detinite fixed length is guided round with 
its extremities on (■ and O'. In the main, 
planimcters differ simply in the choice which 
is made of the basic curve C' and the conse¬ 
quent, differences in mechanical detail. 

§ (5) I*I,a x 151ETKits. The Registering Mechan¬ 
ism .—The simple standard mechanical device 
whereby the quantity J<h* sin 0 is measured 
is as follows. Let a graduated wheel W 
(Fig. I) bo fixed with PP' as axis, or on 
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an axis parallel and rigidly attached to PP', 
so that the wheel rests lightly and can roll 
on the chart. Suppose the rolling edge of 
the wheel is at a distance X from P\ then \ 


the wheel is at a distance X from P\ then 
for any small displacement of IIP' to QQ' t he j 
ruder will slip along the component of its i 
path in the direction PP' aiidLroll for tin* 
component at right angles to PlY. Now the 
distance travelled by the roller »\Y at right 
angles to PP' to its position W'is os sin 0 I- Xor/>, 
which is therefore the distance oR rolled by 
the edge of the wheel. Thus 

6R -os sin 0 + X<>'/>. 

For the complete circuit of the curves the 
total distance R registered on the graduated 
wheel is 

P - j<U sin 0 -t \/<hp. 

As before, the last term is cither zero or 27rX, 
according as O' , 

is wholly ex- 

ternal or inter- - 

imll-.C. From 
this it follows Vernier 
that the roll¬ 
ing wheel, if 
appropriately 

graduated, will ~——- - 

automatically —— 

register the 

actual integral required. If. there- Fiu 

fore, P' is constrained hy the mechan¬ 
ism to move round the curve O' which encloses I 
a known area, while tins other extremity P j 
of the rod traces out the curve whose area is 1 
required, this required area will be immediately ; 
deducible from the reading registered on the 1 
integrating wheel. | 

$ p>). The two main types of planimeter : 

ill common use depend in principle on two , 
particular cases of the general theorem given j 
ill § (15). The general class of Polar Plant- j 
nif.ter, of w hich pm haps the best known an* 1 
the A in sic* r types, corresponds to the* case* in ; 
which O', the guiding curve, is a circle*, while j 
in the J/utenr planimeter type the guiding j 
curve* is a straight line, or rather a closed curve* • 
consisting of a straight line* returning on itself, i 
§ (7) Polar Planimeter. —If two rods OP' | 
and P'P (Fit/*. 1 and 2) of fixed lengths he : 
jointed at P' while O is fixed in position so • 
that the whole mechanism can turn freely 
about O as centre, then when the tracing 
point P is guided round the curve 0 whose area 
is required, the* point. P' will trace out the* 
circle O' with O, the pole, as centre. If in 
addition a recording wheel, of the type* already 
referred to, he fitted to P'P with axis parallel j 
to P'P, the fundamental elements of the* 
Amsler planimeter arc provided ; any other [ 
elements in the instrument proper are men* j 
minor additions to be dealt with later. In I 


this case, if the length of OP' he r, and as 
above R be* llu* distance hy the tracing wheel 
rolled through, then the formula for 8, the area 
of a curve external to S', is S ~l\\, since the 
point P' will trace out. an arc of ("and return 
on itself, so that, in effect S'~0, while, when 
8 encloses 8', O' is completely traced out, the 
value of 8' it r~ while /(Is sin 0- li - 2?rX, and 

S 7rr 2 -h/jt—27rXZ + ir/ 2 . 

Osuallv the pole () is selected so that C' is 
external to C. 

Au illustration of the Amsler planimeter is 
shown in Fir/. 2, with a diagram indicating the 
manner in which it is used. A small weight 
is usually provided, and rests on the rod 
at. O to ensure that a sharp point pressing 
into the paper at 0, and 
O fixing the polo, does not 
leave its position during 
the tracing of the contour 
7 by P. The details of the 
p\ instrument are so adjusted 

P that, by reading the roller on 

"I the tracer arm before and 

alter guiding the tracing 
G arm completely round 

^—t the boundary 0, the differ¬ 

ence of the leadings, when 

__ multiplied by a constant. 

——.. _.P factor, directly 

-■ - -n j ir * i v i d o s a 

f J measure of the 

V J area deseribed. 

- —^ § (S) Linear 

Plan imetkiis. 
(lateral Principles .—The second class of plani¬ 
meter, the linear type, is const meted to have 
the curve 0' a straight line, so that in tracing 
out. the tune with one end <*f a rod of fixed 
length the other end is constrained to move 
along O', only a finite portion of the straight 
line being traced out. since (he constrained 
end returns on itself to the starting-point. 
The area S' is consequently zero, and the 
gfneral formula (1) takes the simple form 
S !('<!< sin 0. 

The same device as before, in the form of a 
recording wheel, will evaluate this integral. 
Since many modifications of the planimeter 
designed to determine moments of inertia, etc., 
are based on this form of instrument, it is 
advisable to develop the comparatively simple 
theory of this type without recourse to the 
general formula. 

Let OP represent a rod of fixed length l 
(Fir/. 3), the point 0 being constrained to 
slide along tin* guide bar X()X. Consider 
what effort is produced on the recording wheel 
\V whose axis is OP, as the tracing point 
P describes the rectangle PQQ'P'. As the 
tracing point moves from P to Q a certain 
reading will he recorded on the wheel W. 
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Along QQ' the direction of motion of the along BPA the area DBAC will l>o registered, 
tracing point is along the direction of the axis in the opposite direction, however, so that 
of the wheel, so that the latter does not roll t he net effect of tracing out the contour curve 
and no additional reading will ho recorded. Alt BPA will lx* to provide a reading on the 


From Q' to P' the 
recording wheel 


wheel equivnh nt to the area enclosed. 

§ (9) PlNK .lt Pi.animktkrs.—T hose instru- 


A A will exactly re- ments as a class are based essentially on Hie 

/ / verse the reading foregoing jn ineiples, and differ among t hcni- 

W registered during selves only # n the details that render particular 
y the passage from forms more suitable to special kinds of dia- 

/ / P to Q, since all grams than others. The Coffin planimeter, for 

.X O/o'/e Q q' X the previous con- example, is perhaps the simplest form of the 
_ ^ - dilions are dupli- linear type, and is much used for indicator 

oatod, except diagrams, for which it is specially adapted, 
that O will have It consists of little more than the guide rail, 
travelled to O'. The description of the tracer arm, and recording wheel as described 
three sides PQQ'P' will therefore leave the above. A more elaborate form of linear 
reading at P' identical with that at P. planimeter is shown in /’/</. f>, a- type, as 
From P' to P, however, a definite reading will shortly be seen, that lends itself easily to 
will be recorded, and this it is necessary to modifications that enable moments of inertia, 


estimate exactly. Since the rolling of W 
is merely the component motion of P 
perpendicular to OP, the distance rolled P 
by W is OO'sin 0 PP'sin 0 PP'. PQ/OP. L 
Accordingly the wheel W during the 
motion of tlx 1 point. P directly from P'to P, / 

or along PQQ'P'P, ^- 

registers a distance *-+- — 

equal to PP'. PQ/OP, \ 

that is, equal to the \ 

area of tho rectangle £ V— 

PQQ'P' divided by /. § \ 

It is to he noticed that ^ \v 

the reading is thus S$- 

independent of the ~ X ~~ fi\. 

position of the record- Q 

ing wheel along the turning arm OP. r 
Such a simple planimeter, therefore, will i<i 
give a measure of the area of any 


etc., also to be measured. 

Ill this the guide bar is not the axis of 
X, but is parallel to it. the pole of tho 
I instrument being constrained to move 
parallel to the guide bar by the two wheels 

C ,nimeter which run along 

-. grooves in the bar. 

-t - 1 By this means the 
v region in the neigh- 
hourliood of tho jio|e 
2 is free of the guide 
5 bar and enables 
p ^ modifications for 
moments, etc., to In* 
X - easily added. This 
) v o planimeter will ho 

described in detail later, 
i. r>. § (’0) Accuracy, Furors, and 

SorucKs ok Furor.— -In planimeters of 


rectangle PP'QQ' by the difference in reading j the types under discussion there are two main 
in passing from P to P'. If this rectangle be [ sources of error; they are that duo t" any 
regarded as one element of the area between ! lack of parallelism between the axis of the 
any curve AB (Fiy. 1) and the guiding axis OX, j recording wheel and the tracing arm, and the 
the whole area between tho curve and that i slipping instead of rolling of this wheel due 
axis will he found by running the. planimeter I to frictional causes or 

tracing point from V to j unevenness in the chart. ,— 

- A, then along the series i paper. f 

,A_pp' B of elements of arc such | As far as first order errors V * /.' A 

as PP', that is, along ! an*, concerned, due to the J 

5' D' the curve. AB, and j former causes, certain ,-/ a \ 

finally down from B to ! modifications in the Amsler pVT 

__JJ__I). It. is clear that for j Planimeter, giving what A\p' 

O C QQ' D X tl,o present purpose it ; are called compensating I O'-' ) 
tn'.. i. is immaterial whether planimeters, enable thc*e V q 1 J 

the tracing point be to be eliminated with coin- 
taken from ( • to A and finally from B to ]), or paraf ive ease. If the angle Fig. ti. 

from O' to A and finally from B to I)', so long between the axis of the 
as 0' and I>' are equidistant from OX, since the j wheel and P'P, the tracing arm (Fiy. 6), 
reading along CC 7 neutralises that along D'I). | lie a small quantity a, then the reading 


reading along l.(J neutralises that along D Ik oe a small quantity a, then the reading 
Accordingly, if A and B he two points on the recorded by the wheel will he (h sin (0 - a) 
closed curve APB It equidistant from OX, on | instead of i/s sin 6 for a small displace- 
guiding the tracing point, along ABB the area ment PQ. For the position on the circle O' 
OARB will be, registered, while on returning | symmetrical about the position OP the 
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reading due to an equal small displace¬ 
ment will be ds sin (7r-/y + a) instead of 
ds sin (7r - 0 ). I n tracing the curve ftherefore, 
starting with the first position t.lie total reading 
will be ft lx sin (0 - a), while wiK.li the second 
position it is jdx sin ( 7 r - 0 H- a) -ids sin (0 -I- a). 
If'the arithmetic mean of these |wo readings 
be taken, the result will t herefore'be 

^jds | sin (0— a) -f- sin (0 -fa)] - ids cos a sin (> 
a u 

jtlx sin 0 - 0 ,dx sin 0 . . . , 

indicating that the mean of the two readings 
gives a result which differs from the true 
readings ds sin 0 only by a quantity of the 
second order in a. To conduct this double 
operation necessarily involves taking two 
readings, one with the polo to the left and one 
with the pole to the right of the tracer arm. 
This is not possible with the ordinary simple 
Aiusler type, since* the tracer arm is mounted 
above the polo arm so that the range of the 
tracer arm is restricted (ef. Fit/. 2), but simple 
mechanical changes have been introduced to 
facilitate this, producing what are calk'd 
compensating planimeters. 

As regards the second source of error, that 
occasioned by the slipping or jumping of the 
integrating wheel over unavoidable unevenness 
or crinkling on the piper, a special form of ! 
instrument designed to minimise this effect, ; 
if not actually to eliminate it, has been de vised. ] 
In this modified form the recording wheel, j 
instead of rolling directly on the paper, is 
mounted to roll in contact with a smooth 
horizontal disc which is geared to a larger 
wheel rolling on the diagram. The use of this 
type is rather limited, and for normal work 
the simpler form generally suflicos. 

Quite apart from the fineness of adjustment 
of the various parts of a planimeter and the 
smoothness or otherwise of the paper, the 
accuracy of the instrument depends very 
materially on the possible accuracy in reading 
the wheel. This is increased by two methods: 
in the first place a fine vernier (Fit/. 2) is usually 
fitted alongside the recordin': wheel to allow 
fractions of a small division to he accurately 
read; in the second place, since the distance 
traversed by the wheel, and therefore the 
reading on the wheel, will inert ase with the 
length of the tracing ann, the accuracy of 
measurement of small areas may be con¬ 
siderably enhanced by a lengthening of this 
arm. This is accomplished by sliding this piece 
through a socket at P' ( Fit/. 2), an arrangement 
moreover that enables the length to be so 
adjusted as to provide the reading directly in 
various alternative units, e.</. square inches 
or square centimetres. A verification of the ! 
setting is normally made by means of a simple ; 
accessory provided in the form of a flat metal 


strip at one end of which, and at right angles 
to the flat face of which, is a needle point. 
This point, when pressed into the paper, 
furnishes a centre about which the strip may 
rotate. If t he tracing point of the planimeter 
is inserted into one of a series of holes drilled 
t hrough the strip at various graduated marks 
along its length, the planimeter can be guided 
to trace very accurately a circle of known 
area, and the reading on the roller of the 
instrument may bo compared with this 
value. 

i While lack of careful adjustment of the 
l various parts of a j lanimeter and friction at 
| the junction may seriously militate against 
j the accuracy and reliability of a planimeter, 
j nevertheless in general a very high standard 
j of accuracy is easily attained, higher certainly, 
as far as most experimental applications are 
concerned, than the diagrams themselves 
warrant. Kx tensive and careful tests by 
numerous observers have brought out the 
limits of accuracy of the instrument. In the 
case of the polar type, Amsler found that the 
j maximum error occurs when the direction of 
| motion is inclined at an angle of 45° to the 
I axis of t he integrating wheel, and of magnitude 
•1 per cent at most. With a disc type of 
planimeter he found that on making a series 
of successive readings equivalent to 130 
revolutions of the disc, the ratio of disc and 
roller readings did not vary in the worst case 
by more than 0-0003, and generally by less 
than 0-1 >00001. 

It is obvious from those figures that tho 
planimeter is an instrument of an exceptionally 
high degree of accuracy, and for most practical 
purposes of an engineering or physical nature 
may be presumed to introduce errors of much 
smaller magnitude than those involved in tho 
plott ing and sketching of a graph. 

$ (11) T 11 12 Radial Averaging Instrument. 
—Mention may here he made of an exceedingly 
i simple instrument known as the Radial 
j Arcrnginy Instrument. Strictly regarded, it is 
' perftaps not a planimeter in the ordinary 
! sense of an instrument for measuring areas; 
its more direct application is to determine tho 
mean value of a series of quantities such as 
| are plotted on a polar diagram. It is, however, 
j usually contained as a component part of tho 
('nitrrxal Planimeter , designed for t he com- 
, putation of areas and mean ordinates of 
diagrams of self-recording instruments, drawn 
: either on strips or on circular charts. The 
averaging instrument consists essentially of 
an ordinary tracer arm grooved on tho lower 
surface and resting on the ball-shaped head 
of a centre pin lixod at the centre of the radial 
chart. By this means, when the tracing 
point passes over the curve, making one 
complete circuit, the arm lengthens or shortens 
by sliding on the head in the groove. Tho 
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normal planimeter recording wheel on the 
tracer arm with its axis parallel to the latter 
gives the reading in the ordinary way. If the 
registration is less or greater than one round 
of the chart, the multiplying constant must 
be accordingly altered. The theory of the 
instrument is simple. If r v r 2 . . . r n be the 
n values of r corresponding to n readings spaced 
equally at intervals 80 round tho whole circuit, 
then noO ~2,ir. The mean value of r is 

(r, + r., + . . . r n ) Zr n 80 1 l-ir 
»■ In 2t r.' 0 

Since the axis of the recording wheel is parallel 
to the radius vector, the former will register 
only the components perpendicular to r of all 
motions of the tracing point derived by 
running round the curve. For an elementary 
displacement of angle 80, when the radius 
vector varies from r to r+or, this component 
is r80 ; hence the total reading recorded on 
the roller is frdO, from which tho required 
mean value is at once obtained. 

§ (12) Inteukomktkrs. — The expression 
intcgrometcr is a general term for any inte¬ 
grating instrument, and as such embraces 
planimelcrs designed purely for the measure¬ 
ment of area. In general usage, however, it is 
restricted to apply to what arc also termed 
moment planimctors, that is to say, instru¬ 
ments for evaluating the moment and the 
moment of inertia about a give n line of tho 
area enclosed by a given curve. These 
quantities occur, of course, very frequently 
in most branches of engineering design, and 
whenever centres of gravity, of pressure, etc. 
are required. 

If the ordinate of the curve in question 
above the given datum line X\, chosen for 
the purpose to coincide with the axis about 
which the moments, etc. are required, is 
represented by //, then the area, moment of 
area, and moment of merlin may bo repre¬ 
sented symbolically as///(/.r, \fy 2 d.r, and \(y*dx 
respectively, the integral in alt cases Heing 
taken rigid, round the (dosed curve. The 
evaluation of the first integral has already 
been accomplished by means of the linear 
planimeter, where one end of the tracing arm 
is constrained to move along XX by means 
of a guide bar, an integrating wheel being 
attached at some intermediate point on the 
tracing arm. The remaining two integrals 
can be evaluated quite easily by a compara¬ 
tively simple development of this instrument. 
Tim requirements and nature of this additional 
device will be obvious from tho following 
elementary theory. 

$(12) Moment of Auka. —If OP bo a rod 
(Fig*. 2 and 4) of constant length l, constrained 
at 0 to travel along XX, while P traces out 
tho curve C, then for any position y -1 sin 0. 


The integral corresponding to the moment of 
tho area consequently requires the evaluation 
of jifdx - Irj sin 2 Odx— U-jdx( 1 - cos 20), tho 
integral lming taken right round the curve. 
But on making such a complete circuit fdx 0, 

.‘. Moment of area = — \lrjdx cos 20 * 

• = - {^flx *m ~ 20^. 

Now it lias already been seen that, when an 
integrating wheel is attached to OP and rolls 
on tho diagram so that its axis makes an 
angle 0 with XX, its reading will record 
fds sin 0. In the same way, if a recording 
wheel could be attached to OP in such a way 
that its axis made an angle of nj2-20 with 
XX tho value of the integral would be 
registered directly on the wheel. Such are 
the mechanical requirements of an instrument 
for measurement of moments of area. 

§(14) Moment of Inertia.- For the esti¬ 
mation of moments of inertia, the quantity 
to be evaluated is 

p p . p r 

\j\fdx - sin 3 Odx Jdx sin 0 - j %> j dx sin 30. 

Now the ordinary integrating wheel for 
measurement of area will record fdx sin 0, 
while if in addition a wheel could be attached 
so that its axis made an angle 30 with XX 
when OP made an angle 0, the reading on 
swell a wheel would provide the last integral. 

Tho readings thus obtained would provide 
the requisite data for estimating the moment 
of inertia of the area. In the Amsler intogro- 
meters all three devices—for the measurement 
of area, of moment of area, and moment of 
inertia—are incorporated in the one instrument, 
although there is a smaller form of the same 
instrument whore only the first two are 
embodied. Tho integrating wheel giving the 
area rolls on the paper, the remaining wheels 
rolling on discs in a manner similar to the disc 
planimeter. Fig. 5 gives a diagram of the 
Amsler integrator. YY is a guide rail so 
adjusted as to ensure that O, the centre of 
rotation of the tracing arm OP, lies on the 
axis of moments XX, the adjustment being 
j effected by means of the two distance bars 
which at one end run in a slot in the guide 
rail. A simple integrating wheel R on ()[* 

I running on the chart provides Ids sin 0 in 
the usual manner, and consequently measures 
the area of the curve traced out. Rigidly 
attached to the rod OP is a frame consisting 
of a circle AB of radius 2a, say, and a portion 
ST of a circle of radius 2 a, both with their 
centres at O. 

An inclination 0 to OP causes the circular 
frame to rotate about O through an angle 0. 
(.cared to the arc of radius 3a is a circular 
disc I of radius a , and to the arc of radius 2a 
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another circular disc M, also of radius a. 
When OP, consequently, turns through an 
angle 0, M will turn through an angle 20, 
and I through ‘AO. In M and I simple 
recording wheels are set with their axes in 
th <5 plane of the discs, and such that when 
OP lies along XX they are respectively 
perpendicular to and parallel t.p OP. It 
follows that when P traces out "the curve, 
K will record f I ft sin 0, the roller on M will 
record /7/.s sin ( 71-/2 - 20), i.r. fdx cos 2f/, and 
the roller on l will record fix sin 30, the 
three integrals which, as has been 'seen, are 
required for the measurement of moment, 
and of moment of inertia. 

§ (l.">) Ixtkukahis. —While the instruments 
for tin* mechanical evaluation of areas and 
moments in common use in engineering and 
physical laboratories consist usually of pluni- 
meters and integrometers, there is a class 
of instrument known as an integraph whose 
function is to graph the integral curve directly 
on the chart. The earliest form of integraph 
is apparently due to Ahdank-Abakanowicz 
(I STS), and through the researches of Professor 
Pascal of Naples a number of integraphs 
have been invented for special purposes. 
It is proposed hero merely to explain 
the principles upon which two of these 
depend. 

§ (lb) Abdank-Arakanowt'z Intkouaiui. 
—This instrument is designed to trace the 
curve y fdxf(x) from the known curve 
y-f(x). PQRS is a frame whose base 
(Fly. 7) PS is constrained to travel along the 
guide XX, while 
the variable 
point 0 on QS 
traces out the 
given c urv e 
.V /(•'•)■ At 'Kiy 

posit ion therefore 
S<' ~ f(x). () is a 
fixed point in 
PS at unit dis¬ 
tance from S. A 
variable point C' in PP fitted with an inte¬ 
grating wheel is constrained by a suitable 
mechanism always to move, parallel to the 
rod Of. The tangent to the curve traced 
out by tlio integrating wheel at O' will therefore 
be parallel to OL'; that is to say, for the curve 
at C' 

ihj SC 
(lx ()S 


! Pascal, enables the solution of the differential 
! equation \dyjdx H- y f(x) to be traced as a 
curve directly from the graph of J\x). Once 
more PQRS (Fly. 7) is a frame capable of 
being adjusted to a breadth \ and constrained 
I as before to slide along XX. The graph 
I !/ =/(•») meets SQ in C. 'fho rod (!(\ is 
; slotted at 0 to run easily in any position 
j through SQ, while at 0 L there is an integrating 
j wheel whose axis is at right angles to ( 'C y . 

| It follows that as the frame, slides along XX 
j and 0 traces out the curve y f(x), the tangent 
i to the curve traced out by (\ will always bo 
! The path of (•, is the integral curve, 

I for if (x, y) be the co-ordinates of on the 
curve traced out 


dy 

dx 


slope of C,C 


KC -RC, /(.i)— y 

ns ' x • 



-/W. 


y ■ 

consequently C' traces out a curve, the ordin¬ 
ates of which give the required integral 
frlrf(x). 

§ (17) Pascal Integra i*h.—A more general 
form of integraph, invented by Professor 


Hence the co-ordinates of (\ satisfy the 
equation 

'£'» M 

The particular curve of the series of integrals 
required in any particular case, is, of course, 
determined )>v fixing the position of (\ or O', 
as the ease may he, t<» satisfy the initial 
conditions. 

Neither of the instruments whose principles 
have been described in this and the preceding 
paragraph have come into general use to any 
great extent. 

J? (1H) Polar f NT Edit A fit.—Another instru¬ 
ment, the Polar lutcyraph. has also been 
invented by Professor Pascal, which aims at 
constructing a curve in polar co-ordinates 
whose radius vector at. any point is the value 
of the integral frdO, where r f(0) is a given 
polar curve. 

The frame OPS (Fly. K) in the shape of a 
eireular sector for illustration, the particular 
case of a quadrant 
is taken—is capable 
of rotation about 
the fixed pole O, 
and runs on a 
heavy wheel at S. 

A variable point 1* 
on OS traces out 
the curve, r - f(0) as 
the sector rotates. 

At P\ the point of intersection of the rod PP' 
with OP, is a tracing wheel whose axis makes 
a constant angle—taken here for illustration 
as zero—with PPL Here PP" coincides with 
the axis of the wheel and therefore will always 
be norma! to the curve traced out by the wheel 
at PL The tangent at P' is P'Q'. Then if 
OP' —r' and OP ~r, 



tan OP'Q' — r‘ 


/ l(o -i- n/2) 
dr' 


,d.O 

dr n 
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from tho ordinary expression for tlio angle 
between tho radius vector and the tangent. 
But tail OP'Q' - cot Ul )/ 1 ) -r'jr. 



l d<) 

r dr'' 


r' — frdO ~ ff(0)dd. 

It follows that tho radius vector of the curve 
traced out hy the wheel at 1*' is the integral 
with respect to 0 of the polar curve r~f(0). 
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Inteid'iianoe ability op Standards, partial 
and universal. See “Metrology." § (‘JO). 

Interekhence Fits: delinition of term. Sec 
“ Metrology,” § (29) (ii.) (/>)• 

International Metric Standard Thread. 
See “ < bulges,” $ (49). 

Invar: a material with low coefficient of 
expansion. See “ Metrology," § (4). 

And other nickel steel alloys: general dis¬ 
cussion of properties. See “ lane Stand¬ 
ards,” § (l). 

Composition, coefficient of expansion: its 
anomalies of expansion, its instability, 
met bod of ageing, etc. See ibid. § (•">)■ 

See also “ Invar and Elinvar,” Yol. V. 

Inversions in the Atmosphere. Regions 
in which temperature increases with height, 
occurrence of, in the atmosphere. See 
“Atmosphere, Thermodynamics of the.” 

(")• ^ 0( ‘ ” Atmosphere, Physics 

of,” §§(.'.),( 13). 

In meteorology the word “ inversion ” 
usually refers to an inversion of the lapse- 
rate of temperature, the temperature 
increasing instead of decreasing with 


height. Inversions near the ground are 
frequent in winter. They occur on clear 
calm nights, and are the result of radiation 
from the ground into outer space continued 
through the long nights. Similar inver¬ 
sions occur at the top of stratus elomjs, 
and occasionally inversions occur in the 
troposphere not in association with clouds. 
The. latt<^’ do not extend over a great range 
of height. At the base of the stratosphere 
there is frequently an increase, of tempera¬ 
ture with height, and for this reason the 
stratosphere is sometimes called the “ upper 
inversion.” 

Ionisation in the Atmosphere. See “At¬ 
mospheric Electricity,” § (10). 

I 1 ons : 

Number and mobility of. in atmosphere. 

See “Atmospheric Electricity,” § (12). 
Source of. in atmosphere. See ibid. § (III). 

Iridescent Clouds. See “Meteorological 
I Optics.” tj (15) (ii.). 

Irreversible Chances of Nickel Steel 
Alloys. See “ Line Standards,” § (1) (ii.) 
and (iii.). See also “ Invar and Elinvar.” 
Yol. V. 

Isallohars : lines showing equal change of 
pressure. See “ Atmosphere, Physics of,” 

s m- 

is entroi’k 1 , without change of entropy. See 
“ Entropy ” and “ Adiabatic.” 

Isobars: lines of equal pressure. 

Isobars are lines on a chart showing equal 
barometric pressure at mean sea-level. 
It is important to note that the pressures 
read from the barometer are corrected 
% for the height above mean sea-level and 
for variation of gravity with latitude 
before they are plotted on the synoptic 
chart. The drawing of isobars is strictly 
analogous to drawing contour lines on a 
map. For a discussion of types of isobars 
see article “Atmosphere, Physics of the,” 

mis¬ 
calculation of ll«.w of air over, for different 
distributions of velocity. See “ Atmo¬ 
sphere, Thermodynamics of the,” § (lli). 
See also “ Pressure.” 

Straight. See “ Atmosphere, Physics of,” 

| §0 s )(v»-). 

( Types of. See ibid. § (18). 

I sou Kapil See “Draughting Devices,” p. 

i 271 

! 1 sot as y : Sir S. C«. Burrard. See “ Gravity 

I Survey,” § (15) (ii.). 

i Rayford's theory. See ibid. § (15) (i.). 

; Professor Love See ibid. § (15) (iii.). 
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Jordan Sunshine-recorder. Sec “Meteoro- I 
logical Instruments,” § (25). Sec also j 

—- Tv 

Kata Thermometer. Sec “Humidity,” II. 

§(H). 

Kater’s Pendulum. See “ Gravity Survey,” 

§(2)(i.). 

Kennedy Meter. Sec “ Meters for Measure¬ 
ment of Liquids," § (1). 

Kilogramme : the metric unit of mass, 
originally defined in terms of a cubic 
decimetre of wafer. See “ Volume, 
Measurements of,” $ (1). 

International prototype, material of: 


“Radiant Heat and its Spectrum Dis¬ 
tribution,” § (2). 


platinum-iridium alloy (10 per cent 
iridium). See “ Balances,” § (8). 

Kinetic Energy : 

Of tho general circulation of the atmo¬ 
sphere. See “ Atmosphere, Thermo¬ 
dynamics of the.” § ([)). 

Of cyclones. See ibid. § (2(>). 

Kites, as used for the Investigation of the 
Upper Air. See " Air, Investigation of 
Upper,” § (2). 

Knife-edges of Kqiti-arm Balance. See 
“ Balances,” § (I) (iii.). 


—- L 


Lapse: a word used to denote the variation 
of any element of the atmosphere with 
height. It corresponds with “ gradient,” 
which in meteorology is used to denote 
variation in a horizontal direction. See 
“ Pressure,” “ Temperature," etc. See also 
“Air, Investigation of the Upper,” § (11). 
Lapse-rate of Temperature. The rate of 
change of temperature per unit of vertical 
height is called the lapse-rate of tempera¬ 
ture, the term gradient of temperature being 
retained for variations in the horizontal 
plane. 

L\tent Heat of Water and Water-vapour. 
See “ Atmosphere, Thermodynamics of the,” 

§ (2). For measurement of. See “ Latent 
Heat,” Vol. I. 

Laths for Curve Drawing. See “ Draught¬ 
ing Devices," p. 272. 

Latitude, Determination of, by meridian j 
altitudes. See “ Latitude, Longitude, 
and Azimuth, by Observation in the 
Field,” § (<>). 

By observation in the field, the time being 
known. See ibid. § (t). 

Prismatic astrolabe method. See “ Gravity 
Survey,” § (8) (ii.). 

Talcott method. See ibid. § (8) (i.). 

LATITUDE, LONGITUDE, AND AZIMUTH 
BY OBSERVATION IN THE FIELD 

§ (l) Instruments and Methods. —In order 
that any survey may bo placed upon the 
earth in its true position and orientation we 
require tho latitude and longitude of one point 


and tho azimuth of one line. These must 
he determined by astronomical observation in 
the field. Tho instruments used are— 

(а) The sextant, necessary at sea, but 
never to be used on land if a theodolite is 
available, unless concealment must bo 
practised. Tho sextant used with artificial 
horizon cannot measure altitudes greater 
than 65°, and is therefore useless for noon 
observation of the sun in low latitudes; and 
it cannot measure azimuths without com¬ 
plication and inconvenience. 

(б) Tho theodolite, tho normal instrument 
for survey, which for astronomical work 
should he fitted with dark glasses for sun, a 
sensitive level (1 div. 5") on l he microscope 
or vernier arm, and diagonal eyepiece for 
altitudes higher than 45 u . Tho live-inch 
micrometer theodolite is tho most suitable 
for, general uso in the field, though in hot 
still weather convection currents by unequal 
heating disturb the mieroaeopo adjustments, 
and verniers may give as good results, except 
for tho difficulty of illuminating them at 
night. 

(c) The zenith telescope, or the theodolite 
fitted with an eyepiece micrometer, for 
measuring small differences of zenith distance, 
is used in prcciso latitude work, in first order 
surveys. 

(d) The prismatic astrolabe is much used 
by tho French, and lately by the Survey of 
Egypt, for latitude and time, but cannot 
determine azimuth. 

(e) Half-chronometer watches nre carried in 
tho field in preference to box chronometers. 

(/) Field sets for the receipt of wireless 
time signals havo immensely simplified and 
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improved the accuracy of held determinations 
of longitude. 

(^) Logarithm tables of the trigonometrical 
functions to single second of arc are essential 
to rapid work : those of Bagay or of Peters are 
the best. 

The tendency of modern practico has been 
to break away from the text-book methods 
of determining position in the field, and it is 
difficult to specify those that should now' be 
considered the standard methods of observa¬ 
tion. All methods must bo arranged to 
eliminate the errors of adjustment of the 
instruments, and the text-book method of 
measuring an altitude with the theodolite 
requires that the instrument shall be reversed 
after one observation and a second made 
with face of the vertical circle on the opposite 
side : the mean of the two, which is free from 
errors of collimation and zero, being reckoned 
as one complete observation, and one half 
useless without the other. There will, how¬ 
ever, still remain in the corrected altitude any 
errors due to flexure (or more probably shako 
in the telescope of the theodolite), to person¬ 
ality of bisection, and to systematic errors 
in the calculated refraction ; to eliminate 
which it is necessary to observe a second star 
on the opposite side of the zenith, so that these 
errors shall enter into the result with opposite ; 
sign, and be eliminated also in the mean of 
the two. But if this is necessary, then the 
necessity for changing face really disappears, 
because the errors which it eliminates arc 
equally eliminated by combination of the pair 
of stars, north and south for latitude, or east 
and west for time and azimuth, (hi the 
other hand, if the weather be uncertain, there 
may be time to got a complete observation 
of one star on both faces, but not to get the 
incomplete observation of two opposilo stars 
on one face, which together will make a com¬ 
plete observation, lienee in doubtful weather 
the former method is surer than tho latter, 
and it must be left to tho judgement of the 
observer how far he can go in abandoning*thc 
canonical method of changing face on each 
star. Wo will describe first tho strict text¬ 
book methods, and indicate later the modi¬ 
fications that an experienced observer may 
make with advantage. 

§ (2) Time and Azimuth, the Latitude 
BEING KNOWN APPROXIMATELY.—All Stars 
which cross the prime vertical are moving 
most quickly in altitude and least in azimuth 
when they are upon that circle : they are 
then best suited for determination of time and 
azimuth. For convenience of explanation we 
may treat the two together as derived from 
one observation, though tho best results are 
obtained by concentrating attention on one 
or the other. Suppose, then, that in latitude 
<p (approx.) a star near tho prime vertical 


east, of north polar distance p , is observed in 
altitude h at time by chronometer T, and that 
the reading of the horizontal circle on the star 
is A,, while that on a terrestrial reference 
object (R.O.) is A 0 ; then if s k(tf> + p + h) 
we have, by a slight adaptation of the ordinary 
formulae of spherical trigonometry, 

tan £/~ [cop s sin (s - h) cosee (a - <f>) sec (s - />)]-> 
tan £A=[sec s sin {s-h) sin ( s - <p) sec (s - p)\\, 

from which tho hour angle t or the azimuth A 
may be salculated. From the hour angle of 
a star of known right ascension we can 
calculate immediately the local sidereal 
time, and thence the local mean time, for 
comparison with the recorded chronometer 
time and the derivation of the chronometer 
error. The azimuth A given by the above 
expression is reckoned from the elevated pole 
to the celestial object, east or west as t he case 
may be : it is transformed into azimuth 
measured clockwise from south in geodetic 
work. 

From the calculated azimuth of the star, 
and the observed difference between the 
azimuths of the star and the R.O., we have 
the azimuth of the R.O. and thence of any 
other terrestrial mark that may be observed 
wit h it at tho same station. 

In practice the observation on the star must 
be repeated several times, to average out the 
accidental errors of observation, and in these 
repetitions the theodolite must be reversed, 
according to the programme: face L, R, R, L, 
so that the errors of zero and collimation shall 
be eliminated from the mean of the results, 
an equal number of observations being made 
on each face ; and each altitude reading must 
be corrected for the readings of the bubble on 
th<\ microscope arm, to allow for the small 
dislevelments of the instrument during the 
course of the observat ions, or slight eccentricit y 
of tho microscope arm on the horizontal axis. 
Finally, an equal number of stars should be 
observed east and west, 00 that the mean 
result may be free from any error constant 
in amount and systematic in character, such 
as personality in setting, or shake of the 
| teleseopo objective or diaphragm or inner 
tube. 

Such in their main lines are the standard 
observations for time and azimuth, by east 
and west stars. The many important details 
of good practice may be studied in a text¬ 
book such as that of ( lose and (’ox, where the 
forms of computation are well set out. 

§ (',)) Azimuth by Stars at greatest 
Elongation East or West.— Any star that 
crosses the prime vertical, that is, whose de¬ 
clination is less than the latitude of the place, is 
moving slowest in azimuth when it is upon t he 
prime vertical, and should be observed about 
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that time when it is observed for azimuth by 
tho ordinary method of I. But stars farther 
from the equator, which pass between tho polo 
and tho zenith, will, instead of continuously 
increasing their azimuths, reach a maximum 
azynuth east, decline to azimuth zero again as 
they cross tho meridian, and pass to a maxi¬ 
mum azimuth west. At their “ greatest 
elongations” they maybe observed* very accu¬ 
rately for azimuth, provided that tho altitude 
of the star at elongation is not too great. In 
latitude </» and for star of N. 1\ 1). p the azimuth 
at maximum is given by sin A sec <}> sin p ; 
tho hour angle by cos f — tan </> tan p; ami 
tho altitude by sin ft -sin sec p. From these 
simple expressions it is easy to prepare a 
programme for observation. 

For stars within a few degrees of the pole, 
and when groat accuracy is not required, it j 
is sufficient to calculate the hour angle and 
thence the chronometer time of the maximum j 
elongation, and take a series of [jointings ! 
within say four minutes on each side of the . 
maximum : calculating the azimuth at 
maximum from the expression above, and 
assuming that it is sensibly constant during ■ 
the observation. But for stars farther from 
the pole, and when accuracy is required, this 
is not sufficient. The azimuth at the moment i 
of each pointing must he computed from the 
hour angle by the expression 

tan A - tan t cos M cose'' (M - </>), 

where tan M — cot p see /. 

Since the azimuth is passing through a 1 
maximum it is not suflicieut to calculate it 
for the mean of the hour angles, but it must 
bo calculated separately for eaeli value of 
t. And the hour angles must be calculated 
with precise local time, an observation for 
error of chronometer having been made 
immediately before or after the observation 
for azimuth, 

§ (4) Latitude, the Time deist; known.— i 
The normal determination of latitude 1 is made 
by observation <4 the altitudes of stars in ; 
or near the meridian. So long as it is neces¬ 
sary to make repeated observations, with i 
change of face, it is impossible to make the ; 
observations exactly on the meridian ; but 
with an approximate knowledge of the local 
time of transit and of the error of the chrono¬ 
meter on that time, each observation in the 
neighbourhood of the meridian may be cor- j 
reeled to the meridian altitude bv the expression • 
2 sin 2 / cos <p sin p nee ft cosec I", 

varying with the square of the hour angle At, ; 
and requiring the addition of a second term 1 
if the hour angle is greater than about ten j 
minutes, which should never ho necessary. | 
For the same reasons ns above the stars should i 

1 See also •• Gravity Survey,*’ $ (8). I 


be observed in pairs north and south of the 
zenith, at nearly the same altitudes to avoid 
errors of refraction, and with the usual 
systematic reversal of the theodolite and 
readings of the microscope levels. 

Observations of the sun, with pointing 
alternately at the upjier and lower, east and 
west limbs, may be made on the same 
principles for latitude, time, ami azimuth, 
but give accuracy much less than that from 
stars, because tho observations cannot bo 
taken in balanced pairs, cannot usually be 
made at a good altitude on the prime vertical, 
and are inherently less exact than observations 
oil the minute image; of the stars. 

Tho above standard methods of finding 
time, azimuth, and latitude have been found 
by long experience to be the best for general 
use on boundary and reconnaissance surveys, 
by observers of perhaps no great experience, 
in uncertain conditions of weather. Tho 
experienced observer in favourable conditions 
may with advantage depart from tho above 
rigorous methods by omitting the constant 
change of face if lie is certain of getting well- 
balanced pairs of stars on one face or the other, 
or hv adopting one of the methods which 
follow; but he should not do this until ho 
is thoroughly skilled, and an accomplished 
computer. 

Since latitude is required in determination 
of time, and time in determination of latitude, 
the process is clearly one of successive approxi¬ 
mation. The latitude will usually he known 
by account within a minute or two, which is 
sufficient for finding time, especially since if 
the star is close to the prime vertical the 
calculation is nearly independent of errors 
in the latitude; tho local time being then 
known, and the right ascension <*f the star, 
it is easy to calculate tho small hour angles 
require I to reduce the circum-meridian to 
tiie meridian altitudes. In practice it is 
usually sufficient to take out the values of 
2 sin 2 \At cosec (from tables) for each 
observed altitude and multiply the mean by 
the value of cos <f> sin p see ft for the mean 
altitude. 

The method of finding time from altitudes 
of stars, oil or about the prime vertical, is used 
in the field because it is easy to control tho 
corrections to an observed altitude; the 
fixed observatory method of tiansit over tho 
meridian cannot be employed in the field 
because tho thcodolifo is not stable enough 
for adjustment in the meridian, nor would 
it be possible to obtain readily the corrections 
for eollimation, level, and azimuth. 

§ (’>) Time and Latitude by equal Alti¬ 
tudes of three or more Stars. —This 
method has been much employed of late years ; 
it is fundamental in the use of tho prismatic 
astrolabe ( q.v .) but has many advantages in 
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theodolite work, since the absolute altitude I 
is not required : only that the three observa- ; 
tions be ftuide at the same altitude ; no circle i 
readings are wanted, but the theodolite 1 
must have a sensitive level on the vernier or 
microscope arm of the vertical circle, to 
control slight dislevelment during the observa¬ 
tions. The rate of the watch must bo known. 

With assumed (approximate) values of 
latitude <f> and time t of the observation of a 
star of declination 5, calculate the altitude 
h and the azimuth A from the formulae * 

sin =win <p sin 5 4- cos <f> cos 5 cos t, 
sin A—cos 5 sin t see h. 

Then if h 0 is the unknown constant altitude 
at which the stars have been observed, subject 
only to the small correction n for the readings 
of the level; and if <l(f> and rfT are (ho correc¬ 
tions to the assumed latitude and watch 
error respectively, each star gives an equation 

h i-cos A d<p 4- Id cos <f> sin ArfT - h n - n— 0, 

and with three stars giving three such equa¬ 
tions we may solve for d</>, d'l\ and h n . 

If latitude is the prineipal consideration, the 
best result is obtained by choosing one star 
close to tho meridian north, and the two 
others about an hour on either side of the 
meridian south. If time is the principal 
object, one chooses two stars near the prime 
vertical east and nest, and one near the 
meridian north or south. 

The method is not confined to three stars; 
any number may be observed and (be solution 
made by h ast squares, or preferably by the 
graphical construction described below : an 
enlargement of the well-known method of 
the “ new navigation.” This method by equal 
altitudes requires lime in the preparation of a 
programme (which may be much shortened 
by the use of the tables when using the 
prismatic astrolabe) and skilled computing; 
imt those who havo used it extensively in 
the field are convinced that it is more accurate 
than tho ordinary methods. 

(/.) (Iruphicul Mel It oils of Reduction. —The 
usual method of graphical reduction is based 
on the following process : assume an approxi¬ 
mate latitude and loneitude for the place of 
observation (the position “ by account”), and 
with the assumed longitude and the (Jrccnwich 
mean times of the observations (from the, 
chronometer, corrected for error and rate) 
calculate the corresponding altitudes of the 
stars observed. Calculate also from the same 
data their azimuths, or in rough work take 
them out from azimuth tables. Now com¬ 
pare with the observed altitudes corrected for 
refraction. The point of the earth having 
tho star in its zenith at the instant of observa¬ 
tion is in the direction of the calculated 


azimuth, and all points on the earth having 
tho star at a given altitude lie* on a small 
circle round that point, cutting tin* azimuth 
line at right angles. If the observed altitude 
is greater than the calculated by a small 
quantity dh, this position circle cuts the 
azimuth line at the* distance dh towards the 
star; ami the small are of this circle required 
is practically identical with a line--the 
“ position * line ”—drawn at right angles to 
the azimuth line at distance dh from the 
assumed position, paying attention to the 
sign of dh. A position line is drawn thus for 
each star, and the concluded position is tho 
centre of the circle which is most nearly tangent 
to all the position lines. 

The process thus described, which is equiva- 
! lent to the method of the “new navigation,” 

J has the disadvantage that the calculation can- 
! not he begun until the observations havo been 
j made; and if (lie results arc required at once, 
the calculation must be made late at night, 

1 with likelihood of error due to fat igue. Messrs. 

; Ball and Knox-Nhaw have pointed out (<hog. 

' Journ. liv. ,‘{7) that iri good climates, when 
j observations can be secured with certainty, it 
J is often convenient to compute the observa¬ 
tions of an equal-altitude series by an alter- 
j native process, as follows: with an assumed 
j latitude, and as close an approximation as 
possible to the constant altitude (corrected 
for refraction), calculate the corresponding 
local times, and compare with the recorded 
(J.M.T.’s. Calculate the azimuths from the 
formula 

sin A—cos 5 sin / see //, 

as before. Plot- the differences, local time minus 
(J.M.T. (or longitude),along an axis as abscissae, 
and through these points draw position lines 
at right, angles to the calculated azimuth lines. 
Fhul the centre of the circle which most 
i nearly touches the four position lines. Tho 
; abscissa of the centre will give the correelion 
of the, (J.M.T. to local mean time, that is, the 
longitude of the place ; its ordinate, multiplied 
! by the Cosine of the latitude, will give the 
; correction to the latitude. The* radius of 
the circle is the correction to the assumed 
; constant altitude. 

A similar method can he used for graphical 
reduction of any set of altitudes of stars, 
not necessarily at the same altitude. From 
the measured altitudes calculate the local 
times; compare with the (J.M.T.; calculate 
the azimuths, and plot- the position lines as 
above. No change of face is required, as any 
constant errors due to collimation, index 
error, etc., will a fleet only the radius of the 
circle, and not the position of its centre. 

For a good result by this graphical method 
four stars at least are required, in azimuths 
differing by 90° as nearly as is convenient. 
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And since it is difficult to find stars crossing 
a given altitude circle near the meridian, it is 
best to choose stars reaching the desired 
altitudo about the middle of the quadrants, 
i.c. S.E., S.W., N.W., and N.E. Theoretically, 
three stars are sufficient; but there is then 
no'(‘heck against errors in observation and 
calculation. With four stars any serious 
error is immediately apparent, though it 
may not be possible to say which of two 
stars in opposite azimuths is wrong. With 
more than four stars the observation in 
error is obvious, and may bo rejected or 
weighted down according to circumstances. 

Method 1 .—Rectangular axes through O, the 
position by account, meridian and parallel through (). 
Scale : say 1 mm. = 1". <)A, R, C. I> are the azimuths 
of four stars observed ; <>M— obs. --rale, altitude of 
star A ; Man is the position line at right angles 



:o OA. Similarly constructed position lines are bb, 
'c, dd. The true position is Z, centre of circle most 
learly tangent to four position lines. Correction 
>o position by account is, in latitude ZX, in longitude 
>N sec <y where ZX is perpendicular to the parallel 
hrough O. As the figure is drawn the displace meats 
)f the pairs of position lines in opposite azimuths 
ire not due principally to a constant error in observed 
iltitudes. 

Method U .—Horizontal axis is the parallel of the 
atitude by account. Seale: say 10 mm.-= 1\ The 
mints a, b, c, d are the plotted longitudes deduced from 



■he four observed altitudes of stars in deduced 
izimuths a\, Mi, etc. The position lines an, bb, etc. 
ire drawn perpendicular to these azimuths. The 


true position is Z, centre of circle most nearly tangent 
to four position lines. Its longitude is represented 
by X ; t he correction to t he lat itude by account is 
-} ZN cos </>. As the figure is drawn the displace¬ 
ment of the position lines is due principally to a 
constant error in the observed altitudes of amount 
radius of circle . cos <|>, such as might he caused by 
error in the angle of prism of the prismatic astrolabe. 

§ (0) Latitude by Meiudian Altitudes.— 
This is an admirable method for a skilled 
observer. A preliminary observation for 
time and azimuth enables the observer to 
prepare a list of chronometer times of transit 
of his stars, which should he equally balanced 
north and south of the zenith, and to sot his 
theodolite so that the telescope describes 
| the meridian—not with sufficient accuracy 
| to allow of transit observations for time, 
but quite well enough to ensure that the 
I star is sensibly at its maximum altitude when 
| crossing the centre win*. The reduction is 
very simple, since the latitude is the comple¬ 
ment of the altitude of the equator, i.e. of the 
altitude of the star (corrected for level read¬ 
ings and refraction), + the star's declination. 
If the observations are equally balanced north 
and south it is not necessary to change face, 
and the process is rapid. 

An accurate modification of the method— 
i known as Talcott's— is possible when the 
i theodolite is provided with an eyepiece 
micrometer for measuring small differences of 
j altitude. With a preliminary approximate 
: latitude, pairs of stars are chosen which 
! transit north and south respectively at small 
! differences of zenith distance within the 
range of the micrometer, which measures 
this difference directly, and no cirelo readings 
are made except for setting; but tlie level 
i must be sensitive and accurate, to correct 
j for slight displacements of the vertical axis 
1 during the observations. To find sufficient 
pairs of stars it is necessary to go below the 
magnitude conveniently observable in all 
but the largest theodolites, and the Talcott 
method is perhaps more adapted to the 
zenith telescope; but this instrument is 
outside the scope of the ordinary astronomical 
wo rk in the field. 

§ (7) Latitude by Altitude or the Pole 
Star at any Time.—T he pole star describes 
so small a circle about the celestial pole that 
its motion in altitude is very slow, and its 
altitude relative to the polo may bo calculated 
| if the time is, known approximately. The 
j formula for computation of the latitude from an 
observed altitude h (corrected for refraction) is 

</>-- h - p cos t -i- D> a sin 2 1 sin 1" tan h , 
when p is the north polar distance of the star in 
seconds of arc, taken from the daily ephemeris 
in the Nautical Almanac, and t is the hour 
angle of the star. For rough detenu illations 
it is sufficient to uso the tabic calculated in 
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the Nautical Almanac which gives an ap¬ 
proximation to the above expression. Such 
observations of Polaris are often useful to 
balance observations south of the zenith. 
But a better way of using the pole-star is 
to include it in an equal altitude series, and 
work it up with the others, without any 
special form of computation as above. 

§ (8) Latitude and Time with the Pris¬ 
matic Astrolabe. —This comparatively new 
instrument, the invention of MM. Claude and 
Driencourt, has thoroughly established itself 
in use by the French Colonial surveyors, and 
more recently has been used on boundary 
survey and similar work by British officers. 
The instrument itself is described elsewhere. 1 

its merits are in some respects still matter 
for controversy, but generally those who use 
it become enthusiasts for it. Its un¬ 
doubted merits are (I) ease of manipulation: 
the adjustment is simple, and small errors of 
adjustment have no effect on the observed 
times; (2) freedom from any instrumental 

readings, either of vertical circle or level: the 
observation is of time of passage over the 
horizontal wire; (3) comfort of position: 
tho telescope is always horizontal and at a 
convenient height for observation from a chair; 
(1) superior accuracy. 

Its alleged demerits are: (5) images 

elongated, each being formed by only half 
an objective. Some observers find serious 
difficulty in this: others find none; (6) 
disturbance by wind. It is agreed that 
observation is impossible in a moderate breeze, 
which disturbs the reflecting mercury surface ; 
(7) trouble in preparing programme of stars 
to bo observed : this is now obviated by the 
tables in the Handbook by Dr. Ball and Mr. 
Knox-Shaw; (8) restricted usefulness of 

instrument: it is incapable of determining 
azimuth, and cannot deal with any altitude 
but 60°. 

The last is tho most serious : as the instru¬ 
ment cannot determine azimuth, a theodolite 
must always bo taken with it, and will do the 
astrolabe’s proper work nearly though not 
quite so well. A theodolite gives good results 
also in a wind that puts the astrolabe out of 
action. Hence tho latter cannot be carried 
unless there is transport for both. Neverthe¬ 
less tho instrument has undoubted value, 
and will probably come into more general use 
as it becomes better known. 

Tho observations are reduced *by the second 
graphical method given above, which w r as 
devised for tho purpose, and is markedly 
superior to the method described by the 
original inventors. 

§ (!)) Longitude in the Field. 2 —The longi¬ 
tude is the difference between tho local time 

1 See “ Gravity Survey." § (8) (li.) and $ (0) (ii.). 

2 See also “ Gravity Survey,” § ('.)). 


and tho time of the standard meridian of 
Greenwich, which for tho comparison must 
be (1) determined by independent methods, 
or (2) carried by chronometers, or (3) sent by 
electric telegraph or wireless signal. 

The methods of class 1, by Lunar Distances, 
Moon-culminating Stars, Oceultations of Stars 
by tho Moon, Observation of Eclipses of the 
Sun or of Jupiter’s Satellites, can never give 
much aecuffiey, and may now be considered 
obsolete, or nearly so. For tho method of 
Oceultations—the last survivor—see Close and 
Cox, or Hints to Travellers. An average of 
only aboift five oceultations per month can 
be observed with field instruments at any 
plac:}, even if none arc lost by bad weather; 
the average error of a longitude from a single 
oecultation will be at least one second of time, 
or say 500 yards on the equator. Tho recent 
divergence of the moon by some 12" of are 
from her tabular place makes it necessary 
to apply to Greenwich for corrected places 
of the moon if for any reason it has been 
necessary to use one of these lunar methods. 

The method of class 2, by transport of 
chronometers or watches, is also fast becoming 
obsolete. The care of a large number of 
watches is onerous, and they have nearly 
always a different rate travelling and standing 
still. The system on which they are com¬ 
pared daily and their rates determined is too 
long to be described here : seo Close and Cox, 
p. 257, or for methods of the highest elaboration 
seo I bcu merits scii uliliijucs tie la mission Tilho 
(1900-1000), vol. i. part 2, chap. i. 

Tho methods of class 3 have been revolution¬ 
ised by tho rapid extension of wireless time 
signals and the immense improvements in 
the receiving apparatus following on the 
invention of the amplifying valve. Exchange 
of time signals by electric telegraph is neces¬ 
sarily limited to countries of some develop¬ 
ment, is often hampered by the difficulty of 
securing uninterrupted use of the line or its 
bad condition, and is affected also by obscure 
sources of error that produce discordances 
of about two-tenths of a second of time even 
in elaborate determinations made, lietween 
well-equipped observatories, with automatic 
t ransmission of signals. Under field conditions 
j the error of a telegraphic longitudo may very 
well average several tenths, and the systematic 
effect of personality in observing and in trans¬ 
mitting signals makes it hard to improvo on 
this by repetition of observations, unless the 
observers can bo interchanged. Hence longi¬ 
tudo by doe trio telegraph is an obsolescent 
method, and tho future is with wireless. 

Tho time signals from the Eiffel Tower 
are controlled by the Paris Observatory, 
working in co-operation with other French 
and with British observatories : for current 
arrangements sec the Yearbook of Wireless 
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Telegraphy. The .signals comprise three series 
of “ ordinary ” time signals, usually accurate 
within OT second, and one series of “ scientific ” 
signals, the vernier aenustique, of 300 heats in 
295 seconds, every sixtieth beat being sup¬ 
pressed for identification. These signals may 
be compared with clock or chronometer by 
the method of coincidences to an accuracy 
of about 0-02 sec., which is well within the 
absolute accuracy of the time signal, and much 
within the limits of time-determination in the 
field. A few minutes after these signals the 
precise time of the first and last, as observed 
at the Paris Observatory, is sent oift by code 
signals. The reason for this procedure is 
that the transmitting clock cannot lx; brought 
so precisely to the correct time at the desired 
moment that its error is not appreciable 
when it is compared with the standard clocks 
of the very elaborate installation of the 
international time service. 

The ordinary signals of the KifTel Tower 
have been used for some years already in the 
determination of longitudes by the officers 
of the Mission Tillio in the French Sudan, 
and the signals from Arlington near Washing¬ 
ton are easily received on the Amazon. As 
a preliminary to the improvement and exten¬ 
sion of the system of time signals throughout 
the world there is much activity in re-deter¬ 
mining the longitudes of the principal observa¬ 
tories; but at the time of writing there is 
little information .as to the average and extreme 
errors of the various services. 

§ (10) Deflection ok the Vertical. —The 
astronomical determination of position on llie 
spheroid involves the assumption that the 
direction of gravity, which controls the bubble 
of the level or t he plane of the mercury surface, 
is normal to the spheroid at the point, which 
is oidv approximately true, owing to the 
irregular distribution of density in the crust of 
the earth, as well as to the existence of visible 
disturbing masses : the mountains in excess, 
and the deep oceans in defect of density. The 
average value of this deviation of the vertical 
is several seconds of arc, even in country 
where the visible disturbing masses arc 
slight. On the other hand, in very mountain¬ 
ous country, where tho deviations calculated 
from the visible masses are large, the devia¬ 
tions are on the whole not nearly so great as 
they would he if those masses exerted < heir 
whole effect ; from which it is concluded 
that the visible excesses and defects of density 
are to a large extent compensated in tho 
crust below. Nevertheless, tho discrepancies 
between positions observed astronomically 
and the relative positions of the same points 
determined by triangulation are so considerable 
that their effect may become visible even on 
relatively small scales such as 1/250,000. 
Hence even if the observation in the field j 


could be mado errorless, a framework of 
observed latitudes and longitudes is an 
unsatisfactory basis for a map, as compared 
with a framework of triangulation : tho 
points thus determined astronomically might 
bo visibly discordant when plotted on the 
plane-table. On tho other hand, there is 
something to bo said for mapping by astro¬ 
nomical positions rather than geodetic in 
country such as the Amazon basin, where it is 
impossible to see fixed points at any distance, 
and. isolated positions must ho determined 
astronomically, with resultant discordance 
from tho map based on triangulation. 
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Law of Krrors, deductions from. See 
“ Observations, the Combination of,” § (4). 
Least .Squares: the principle that in 
measurements of unequal weight the most 
probable values of observed quantities are 
those that render the sum of the weighted 
squares of the residual errors a minimum. 
See “ Observations, the Combination of,” 
$ ( 10 ). 

Length, Units ok. 1 (i.) The Metre. —Tho 
metre is defined as the distance, at the 
melting-point of ice, between the centres of 
two lines engraved upon the polished neutral 
wad) surface of a plat ilium-iridium bar of 
nearly X-shaped section called the Inter¬ 
nal ional prototype metre. This is a copy of 
the original JJorda platinum standard— 
the mitre des archives - which was intended 
to he equal to ]0 -7 or one ten-millionth of 
the length of the meridian through Paris 
from Pole to Kquator. According to 
Clarke’s figures the correct relation is a 
quadrant 1-0007 ■ 10 7 metres, the mean 
of the values obtained by Jlcluicrt arid the 
U.S. Survey for the mean polar quadrant is 
1-00021 x 1() 7 metres. The length of the 
bar as constructed is now taken as an 
arbitrary standard. 

(ii.) The Yard. —The yard was defined by 
the \V“ights and Measures Act, 1878, as the 
distance* at temperature 62° F. between the 

• Most of the information has been taken by per¬ 
mission from the Computer's Handbook of the 
Meteorological Ottiee, to which the reader is referred 
for further details. 



LENGTH STANDARDS-LINE STANDARDS OF LENGTH 465 


central t ransverse lines in two gold plugs in 
the bronze bar called the Imperial standard 
yard, when supported on bronze rollers so 
as best to avoid flexure of the bar. The 
bar is of l inch square section, and is 38 
inches long; the defining lines are at the 
bottom of two holes so as to In; in the 
median plane of the bar. 

(iii.) Equivalents .— 

(a) Metric Units. 

Metre . . . 1 m. -39-370113 in. 

- 3-280843 ft, 

I 093M4 yd. 

Kilometre . . I km. — 0-0213717 mi. 

( l >) Hr dish Units. 

Mile . . . 1 mi. - 1009-313 in. 

Yard ... 1 yd. 0-9113992 »». 

Foot ... 1 ft. - O 3017997 in. 

Inch ... 1 in. — 2-0399978 cm. 

Naulienl mile (Kiigltsh) 1 '18.73-182 m. (Adui.) j 
0OSO ft. 

-1 -1.71.7 statute mi. 

(c) Astronomical Units .—For astronomical 1 
work it is convenient to use larger units 
than those defined above. 

The astronomical unit is erpial to the ■ 
semi-major axis of the earth’s orbit. 

1 astronomical unit I 19:7 |() H km. 

- 9-289 I0 7 mi. 

l’arsre.-distance at. which the aslr. j 

unit subtends I second (1"). i 
-20(1,000 ustr. units approx. j 
-3-083 I o’ 3 km. i 

I -91.78 lU 13 mi. 

bight-year . . —the distance travelled hv [ 

light, in 1 year (velocity of j 
light 2-9981) Io 10 cin./see. ; 
1811,32(1 mi..sec.) 

■-U-3I parsec. 

(iv.) <S 'mail Units. For measurements of 
tbe wave-length of light and X-rays the 
unit, is one ten-thousand millionth metre, 
and is known as a “tenth-metre” or the 
An gstrbm unit. 

• 

Angstrom unit . . . 1 A. F. - 10 _1 ° m. j 

Micron.1 ,u 10 * m. 

Millimicron .... I /.t/t pr ,J in. | 

Mil.I mil. ■•-Ill'' 1 in. 

(v.) Ancient French Units, 

I toise tl ft. I -94903(10 ill. -2-1314918 yd. 

I foot --12 in. 0-3248394 m. • I •0(1574(11 ft. | 

1 inch - 12 Paris # 

lines. . —-27-0099.73 mm. =^1-00.77401 in. 

1 line . . 2-2.7.7829 mm.--0-088210.7 in. 

(vi.) Russian Measures. 

1 verst - 1-00078 km.—0-003 mi. 

Exits or Aw: a. Measures of area are 
hast'd on the standard of length. 

1 See “ (iendetic Measures.” 


(i.) Equivalents .— 

(a) Metric Units. 

Square centimetre : 1 cm. 2 —0-1.7.70 in. 2 

- O-OOluTO ft. 2 

- 0-0001190 yd. 2 

100 111 . 2 jt: 1 are. • 

•-0-0988 rood. 
10,000 ill. 2 - 1 hectare. 

. - .2 4711 am-. 

(/>) British Units. 

1 in. 2 0-4.710 cm, 2 

1 ft. 2 . . . . 929-03 cm. 2 

I yd.‘A. . . . 8301 -3 cm. 2 

I a cm .... — 1840 s(|. yds. 

- 0-4047 licet r. 

1 sejuarc mile . . — 259-00 ln-ctr. 

- 2-59 sq. km. 

See Vol. I., “ .Measurement, Units of.” 

Lknc.tii Stanoaudn (Link), various, multiples 
and subniultiples of yard and metre. Form 
and material of same. See ” Line Stand¬ 
ards,” § (3). 

Lioutnmnii. Sec “ Atmospheric Electricity,” 

s m. 

Limit G a vises. See “Metrology,” \’I. § (17) 
(•>-)• 

Line, Date: the line at which the date, 
changes when crossed from east to west or 
west to east. Sec ‘‘('locks and Time¬ 
keeping,” (l). 

LINE STANDARDS OF LENGTH 

§ (I) DEsciumvii. -A Line Standard of 
Length has been fully defined elsewhere, e.g. 
tin* yard 2 and the metre, and the essential 
desiderata to he borne in mind in designing 
and using tbe actual material bar carrying 
the defining lines 3 have also been considered. 
The paramount quality aimed at in such 
a bar, and at the same time the most diffi¬ 
cult of realisation, is the in variability of the 
defined length, and this end is always kept 
in view, whether it lie in the selection of a 
suitable material of which to construct a bar, 
the choice of its shape or section, the manner 
of supporting it, the quality of the lines, or con¬ 
siderations of expansibility and temperature. 

(i.) Section. -Line standards are almost in¬ 
variably of uniform sect ion. Early types of 
bars were of rectangular or square section 
( Ft/j. I, a and h), with tbe defining lines ruled 
on the upper surface. Liter bars of similar 
section were made with the defining lines 
lying in the neutral plane, 1 and this marked 
an important step in the progress towards 
greater refinement and accuracy. Fig. 1, 
r and d, show clearly how this is done, 
either by sinking tbe lines to tie* bottom of 

1 See. “ Metrology,” $ (If. 

•' Ibid. HI). 1 laid. HU. 
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cylindrical holes (as in the case of tlio Imperial 
Standard Yard, 1 or by ruling them on the 
surface of a step at either end, the surfaces 
which bear the lines being, in both cases, in 
the neutral plane. From this limited use of 
the neutral plane it was but a step to the 
X or Tresca section type (adopted for the 
International Prototype Metre), and the 11 
section type {Fig. 1, e ami /). In t both these 
similar types the defining lines are engraved 
on the upper surface of the horizontal web, 
which is the neutral plane of the bar. Both 
too are of much lighter construction than 
those already referred to, and yet owing to 
their design lose nothing in rigidity. The 
large area of surface which they present to 
surrounding media is a great advantage, as it 
facilitates the rapid equalisation of tempera- 



(«) (b) 



(?) (f) 

Fig. I. 


turo throughout the bar, while the whole 
length of the neutral plane is rendered avail¬ 
able for subdivision if required. All modern 
bars of first quality are of the H or X section 
type, with the defining lines and other gradua¬ 
tion lines in the neutral plane. 

(ii.) Material .—No material has yet been 
discovered which, at one and the same time, 
possesses all the qualities essential to a satis¬ 
factory bar, such qualities as chemical sim¬ 
plicity and purity and hence homogeneity, 
molecular stability under all conditions of 
use, hardness, rigidity, susceptibility to a high 
degree of polish, capability of being ruled with 
lino permanent lines, a low or even zero 
expansibility, absence of thermal hysteresis, 
etc. Certain metals and alloys arc the best 
materials which conform in varying degrees to 
these requirements, and for this reason most 
standards are constructed of such material. 
Allusion has been made elsewhere - to the 
properties of secular growth and thermal 
1 .See “ Metrology,’* § (1). 2 I hid. § (1). 


hysteresis possessed by some of the alloys, 
particularly some nickel-steel alloys, and the 
limitation of their use (with discretion) to 
working standards. 

A particularly valuable alloy is platinum- 
iridium, the material of the International 
Prototype Metre; this, when subjected to 
suitable treatment during manufacture and a 
subsequent artificial ageing process, shows no 
perceptible secular change. 3 Its high cost 
strictly limits its use to primary and second - 
| arv standards. For everyday standards pure 
! nickel proves an admirable and certainly 
cheaper substitute, 4 hut it is difficult to forge, 
and satisfactory lengths exceeding one metre 
have not so far been produced. The value 
I of invar 6 has already been noted, hut its 
[ behaviour is very complex and it must he 
j employed with a full knowledge of its pro¬ 
perties, which are discussed in more detail in 
I a later section (§ (4)). The pure precious 
metals, such as platinum and gold, can 
reasonably he expected owing to their chemi¬ 
cal simplicity to possess considerable stability, 
hut apart from the detorient matter of cost 
they are lacking in certain mocha ideal qualities. 
Bronze and brass have served their purpose 
well in the early days of standards, hut their 
instability, coupled with other defects, has led 
to the discontinuance of their use in present 
times. 

Of non-metallie substances the only one 
that has proved of any value is fused silica, 15 
already mentioned, and discussed in more 
detail in § (0). 

(iii.) Method of Support. The elastic, dis¬ 
tortion of a bar due to its own weight may 
prove .a source of error unless properly con¬ 
trolled, and this is done first by placing all 
graduation marks in the neutral plane, and 
secondly by a definite method of supporting 
it when under observation. With regard to 
the latter, it is obvious that a variation in the 
method of support will as a rule bring about 
a change in the amount of bending, and there¬ 
fore an alteration in the defined length. It. 
is vitally important, therefore, to ensure that 
the amount of distortion shall he constant, 
and for this reason it is tin 1 practice to use 
the bar supported at a limited number of 
definite “ points,” the latter being really lines 
of contact made with small rollers placed 
under the bar; the [mints, being once decided 
upon, are strictly adhered to. It may be 
argued that support by a flat surface would 
be preferable to this, since it would guard 
i altogether against bending. But, first of all, 

| the really flat surface is not practicable, and 
secondly, the method resolves itself into sup¬ 
port at an indefinite number of irregularly 

3 See “ Metrology,” $ (4). ' Ibid. § (4). 

6 Ibid. § (4); also “ Invar and Klinvar,” Vol. V. 
a .See “ Metrology," § (I). 
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disposed points, a condition that is evidently 
not capable of exact reproduction. Further, 
the system of employing a limited number of 
points of support has the advantage that all 
surfaces of the bar are equally exposed to the 
surrounding medium, thus facilitating equality 
of temperature distribution throughout the bar. 

The “ best ” points to choose for supporting 
the bar have been discussed elsewhere 1 and 
are given by Airy's formula 



where a is the total length of the bar con¬ 
sidered as having uniform section, n the num¬ 
ber of symmetrically and equally spaced points, 
and I) the distance between any two consecu¬ 
tive points. When n — 2, the usual east', 

b~ a ,.. OT>77«, or ^ -- - 577. 

a 

Bloch, however (lor. cit.) y gives 



a 


There is little to choose between these two 
values, though Airy's value is must commonly 
employed; and if b/a is varied between t he 
two values, no appreciable error is introduced 
in the distance between the delining lines; 
and further, this distance differs from that- 
existing when the bar is unaffected by gravity, 
by a negligibly small amount. 

The important point, however, to he borne 
in mind is that for a particular bar a definite 
value of bj<t should be adopted and subse¬ 
quently strictly adhered to, even if this value 
is afterwards found to he outside the limits 
quoted above. The danger, however, of a value 
outside flic limits is that a small accidental 
error in setting the points may introduce a 
serious error in the observed length of the 
bar, whereas when the value lies within the 
limits, a small accidental setting has no appre¬ 
ciable effect in altering the definite length. • 
(iv.) Lx pa H.SWH. —The important, part played 
by temperature is fully discussed - elsewhere', 
and it is only proposed here to consider 
the term “ thermal coefficient of expansion," 
and how if is interpreted. In line standard 
work it is usual to express the expansion of 
a bar by the formula 

I*=I*(I +at> + tie*+yO*+ ...)•■ (D 

where L 0 is the length of the bar at zero 
temperature, \jq that at temperature 0 and 
a, (i> etc., the expansion constants. The terms 
beyond the quadratic term are generally 
negligible, and the formula reduces to 

L fl = L n (H-a0 I-. . (2) 


1 Sec “ Metrology,” § (7). 2 Ibid. § (4). 


If \j„ be known, then L o can be readily cal¬ 
culated. 

If in equation (2) L be differentiated with 
respect to u we get 

L 0 (« + 2 jW), 


do 

a I- 2 fid ~ 


1 d L 

L, * dir 


P) 


and this gives the rate of change of length of 
the bar at temperature 0, a I 2 fid being the 
true coefficient of expansion at temperature 0. 

Sometimes the mean coefficient of expansion 
jo.., between two temperatures #q and (K, t L, 
and I,., being the corresponding lengths, is used, 
and is expressed thus: 

■v I A !;• . ■ <4. 

If iK, - /q is large, this is not sufficiently accurate 
for line standard work. When, however, 
0., -0 X is small, equation (4) approximates to 
equation (,‘i), and in the limit when IK, - /q , 
they become identical. 

Li't- 0 be the mean value between the tem¬ 
peratures /q and IK,, that is. let u - A(tq + 0.,). 
If ji be small, and IK, - 0, also small (say two 
or three degrees), then it can be shown that 
the mean coefficient between <q and tK, is 
equal to the true coefficient at 0, without 
giving any appreciable error, i.e. 

jttj-a+2 fill . . . (o) 

Fig. 2 shows this graphically. 



Since in actual practice pi for most line 
standaids is small compared with n, equation 
(o) is extremely useful for correcting results 
from one temperature to another, where the 
range is small. 

The expansion of a bar may also be expressed 
as a curve, which is equivalent to (1) or (2), 
but as the greatest possible accuracy is always 
aimed at in fundamental line standard wmk, 
the formula (2) is almost invariably used. 

(v.) Defining Lines.- -The defining linos are 
naturally not the least important feature of a 
bar, and depend in the first instance on the 
quality of the material of which the bar is 
made and the nature of the surface. They 







468 


line standards of length 


ar( . usually ruled with the help of a good 
dividing engine (see § ('’)), the tool being a 
line diamond chip ; the surface carrying the 
lines is previously very carefully polished and 
therefore rendered highly reflecting. Each line 
iff ,valiv a very shallow and narrow groove, 
and when illuminated and viewed through a 
microscope presents itself, in contrast to the 
bright surface, as a narrow dark iband. The 
appearance of this line or band depends mi 
the nature of the groove and on the way ill 
which it is illuminated. With regard to the 
groove, the best result is achieved when it. is 
cut with uniform width and depth, and m 
such a manner that its cross-sect cm is sym- 
metrical about n 


FIG. 3. 


line at right angles 
to the surface, the 
section approxi¬ 
mating to a sharp 


~V 


a rc set 


V shape (Fi;/. 3). The most satisfactory 
illumination for such a line is obtained by 
directing ditfused light so that it tails ver¬ 
tically on the surface and is rcllcctcd hack 
along the incident path through the micro- 
scope.' A line thus ruled and illuminated 
will have the appearance best suited lor a 

line standard, -,„ce it will have perfectly 
straight and parallel edges, winch will be very 
sharply defined. The blackness of the lines, 
with vertical illumination, depends of course 
on the fuel that the sloping sides of the cut 
(Fig. 3) do not 

- 2 reflect the light 

^ 4 vertically, but 

j there mnv he a 

slight scattering of 
light which would allot t the quality of the 
blackness. 

Variations in the nature the groove anil 
in the illumination usually result in an un¬ 
desirable appearance ill the line, l’or inslanec, 

with oblique illumination of a satisfactorily 
ruled line, the light falls unevenly on the side 
of the cut. there is a different scattering effect, 
and consequently one, edge of the line will 
appear considerably sharper than 1 he other. 
■\ er*Hive of unsvinmetrieal section (/' ig. 4), 
illuininatcd vertically, will give a similar result. 

Also, in the case 
of a groove with 
section of shape as 
Fiu. r>. in b'iff. . r >, with 

vertical ilhimina- 


tion, the flat bottom of the cut will reflect the 
light vertically and the line will appear double. 
The bright central portion will, however, he 
usually very uneven, as shown in Fvj. <>, u 
state brought about by the chattering of the 
blunt tool during the ruling process. 

Across the two defining; lines arc ruled two 
longitudinal lines at right angles to them 
1 Sec “ Comparators,” § (1) (A). 


(Fig. 7). These assist in the location of the 
same portions (if the lines each time they are 
observed. In fact, the distance between the 
middle points of the portions of the 
delining lines included bet ween the 
two parallel longitudinal lines is the 
actual defined length of the bar. 

(vi.) HVfce - length Hidings. — As 
already noted, if a defining line is 
well ruled, it will have quite- straight 
edges and he of unvarying width. The 
central axis of the line is really the 
defining limit of the standard, and 
must he estimated when the cross 
wires of a micrometer microscope 
on it. The accuracy of the operation deter 
mines the accuracy with which the bar 
may hr used for comparison purposes. It 
is found that the lines on some standards 
are far from complying \rith the conditions 
necessary for a perfect line, their edges ap¬ 
pearing quite irregular even under low- 
power microscopes : with higher - power in¬ 
struments, of course, the defect is 
onlv more apparent, and adds to 
the doubt of the observer as to tIn* 
position of the central axis. Some 
lines which appear quite regular Fiu. 7. 
under low - power objectives are 
found to have an irregular appearance 
under greater magnification. Tims increased 
magnification is not always an advantage, 
and may he the reverse. If, however, the 
defining line can he made lino enough and 
at the same time quite regular -and this be¬ 
comes increasingly difficult as greater relinc- 
nient is aimed at—advantage certainly accrues 
ft*,#m increased magnifying power. 

The necessity for greater refinement in ruling 
lines was brought home to Tutton in connec- 
tiuu with his wave-length comparator (tf.r.)r 
This instrument makes use ot the wave-length 
of monochromatic light for the measurement 
of the small difference in the lengths of the 
two standards, the number oi the wave-lengths 
in the interval being determined by an inter¬ 
ference method. The exact location of the 
beginning and end of the interval .measured 

is determined by the accuracy with which 
the central axes of two lines can he located 
by means of a micrometer microscope, and it. 
is not possible to do this without introducing 
uncertainties, amounting in some eases to 
several wavo.-fcmgtlis. 

Tutton had been attracted by an account of 
the very fine rulings, ranging from 10,000 to 
120 . 000 * lines to the inch, by H. J. <1 ra vson. 3 
of Melbourne, on a machine of his own con¬ 
struction, and in the hope that they might 

a Tutton, Phi/. Trans. R.S. A, 2K>, i. ; also 
p.irators^ ^^ .. ^ Dividing Kngino for 

]<filing Dilfnotion Crating*,” Ron. Sue. (Victoria), 
xxx. Part, i., 11. 
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Kiu. S.-- V I a x at ion 
Signal. 


assist in giving tin? refinement lie required, 
ordered several experimental rulings which 
were t«> Im* made on various materials : {Jn»ss, | 
silvert'd "lass, apmilum metal, s«»ld, silver, • 
olatino-iridiimi, Bailey’s metal end invar. 

and with lines 10,000, 
50,000, and 00,000 lines j 
to tilt' inch. Kaeh nil- i 

injr consisted of a^roup | 

t»£ live lines (Fig. H) 
together with two 
thicker “ finder ” linos 
plac’d symmetrically 
one on either side <>l 
the group at a suitable 
interval, the latter as¬ 
sisting in locating the 
group under a low-power objec tive. Two trans¬ 
verse lines also were ruled. The rulings proved 
more t ImitWfual to expectation, tin* exceedingly 
line lines being wonderfully sharp a lien viewed 
under u high-paver microscope with a iV m - 
dry nhjeelive. Kxperimeiil led to the bcIco- 
u.'.n, us tlm best ruling, ef the -me mi speeulum 
metal, on the scale ot 10,01)0 lilies to the nu ll. 

TI„1 group of lines, (..aether with the 
‘Minders," was railed by I niton a 
“ halation signal," and it was iiis idea 
to use "location signals" tor a line 
standard, the central one of the 
group being the defining line. I hey 
ure eminently suit aide fnrt.hat. purpose, 
bul owing I" I he limitation of tlray- 
smi's luaehine. it w as not till Inter that 
an experimental bar could be ruled. 

The distance between the linos on 
such a ruling is of the order of one 
wave-length, a cadmium red ray 
having i n i'.i I- in 111 eipia! 


exceedingly well defined. It thus makes ml 
ideal line 'under these renditions, which can 
readily he compared by ordinary comparator 
methods with the somewhat similar lines on 
existing fundamental standards. It must he 
realised, however, that although if all stand¬ 
ards had “wave-length” rulings as location 
signals a higher accuracy of comparison might, 
he obtained, the accuracy of the link with 
existing standards is limited to that attainable 
ill the ordinary comparisons for wlurh alone 
the existing standards are suitable 

§ (g) DlVllUNll lvNUlNM.—As already indi¬ 
cate, a good dividing engine is a necessary 
! adjunct to line standard work, and a type d 
example of such a machine is that in use at 
the X.I’.L tl'uj. II). This apparatus, designed 
and made by the Soeieto (iciicvnisc, is capable 
of producing the highest and most accurate 
class of work called for in connection with hue 
j standards or scales. 

H consists mainly of two portions, corre¬ 
sponding to its two main functions. One part, 
comprises the dividing head, which carries, and 
controls the movement of, the tool ; and the 
other part, controlling the spacing of the lines 



pi„ ll,- The ,l,vii,iug Kiigine id-the National I'liysiial tsoeiet,- (Ienevoise.) 


ill and heme the rulings are frequently 
referred to as wave-length rulings. 

When a location signal is viewed unde a 
less powerful objective, say. tv a in-, tlie- live 
lines are not individually r,-solved. but a IT'• 

as one line, with of course the edges of tin luu 


on the standard or scale- consists of a carriage 
for supporting the work, and an accurate lead 
screw for moving the carriage along under the 
t,„,| The whole is supported on a rigid cast- 
inn, \,ed, i metres long by it* centimetres wide, 
which rests on two solid piers of concrete. 
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The top front edge of the bed is accurately 1 direction, of this slot, and hence the rotation of 
planed in the form of an inverted V, while the the nut, can be altered so as to correct for 
back edge is finished flat, the two thus serving changes in the length of the screw, duo to 
as supporting rails for the Hat carriage (', on changes in temperature. The screw is operated 
which the work rests. (In Fit/. Han 11 section by a divided head, which with the help of a 
standard is damped in position ready for vernier reads to microns. 

graduation.) The greater part of the'weight-of Attached to the rear of the bed is a rail, 
this carnage is borne by six small wheels which along which may slide, and to which may be 
rest, on Hat ways just below the V, and plane securely lixed, the base of the dividing head and 
edges. They are attached to the ends of two microscope supports. 

cantilever springs, which hear on the under-side ^Che dividing head shown in enlarged view 
of the carriage, the pressure due to the springs in Fig. 10 is a complicated piece of mechanism 
being adjustable. This arrangement, by re- whose features can only be briefly indicated, 
moving most of the dead sliding weight from The various moving parts are scoured to a steel 

plate P, which slides on 
two V rails R, thus giving 
the tool a coarse adjust¬ 
ment in a direction at right 
angles to the movement of 
the carriage. The tool may 
consist of a diamond chip 
mounted on a brass rod 
(as in Fig. 1<>), or may be 
made of steel. It is lixed 
at the end of a piloted 
arm A, t he weight of which, 
with the tool, is balanced 
by a counterpoise \V slid¬ 
ing on a steel rod F. The 
required pressure on the 
tool is exerted bv placing 
weights on the Hat head 
of the tool. The median 
ism is sot in motion by 
means of the handle 11, 
operated by hand. At 
the commencement of the 
ruling <>f a line, with the 
tool resting lightly on the 
work, the handle is in its 
rearmost position. Fixed 
relatively to this handle is 

Flu. 10. Tin- Uivklill# H«i.l of III.- National I'l.yMral l.al,oratory a *' *'»gy'»K a W,1,J1 

Dividing Kngine. roller, and when t he handle 

is pulled forward the lever 

the V and plane, lessens tin* amount of work I follows it, bringing the roller int > contact 
entailed in driving the nut, and therefore saves with a curved brass piece, eccentric with 
wear on the screw. the centre of motion of the lever. As II, 

The screw S is of one mm. pitch and is very and therefore L, are pulled forward, the brass 
accurately cut. It works in a brass split nut piece is slowly lifted, the arm A is pulled 
N which bears against one end of the carriage backward, and the tool rules the line. At the 
(1. The two halves of the nut are secured same time the length of stroke is controlled 
together by a hinge on one side and a spring oil by two sets of pins (one set X can he seen 
the other, and when the latter is released the in Fig. 10) which engage with a special 

nut can be disengaged and bodily removed to rotating cam, the various recesses in the 

another part of the screw. This saves not only latter regulating the lengths of successive 
time, but wear and tear on the screw. A tail- lines. As soon as the stroke is finished a earn 
piece on the nut fits into a slot in a steel plate Y comes into operation and depresses F, 
under the screw. This slot, usually not parallel thereby raising A and the tool from the work, 
to the axis of the screw, gives the nut a slight This completes the forward movement of H. 

rotation as it advances, and thus corrects fur The handle is now moved about, two-thirds 

any small progressive error that may he in the of its motion backwards, the brass curve 
screw. Also, by means of a lever K, the moves in *ho opposite direction, and the tool 
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is brought forward again ready for the next 
stroke. Before lowering the tool once more, 
the work is advanced the required amount 
by means of the screw S. The handle is then 
pushed completely backwards, lowering the 
tool on to the work ready for the next line 
to be ruled. 

§ (.‘1) Various Length Standards. — It 
has been noted elsewhere 1 that for everyday 
purposes there exist numerous (ternary and 
working) standards, which are copies of the 
primary standards (either the metre or the 
yard), and for reasons that should now he 
quite clear, it is necessary from time to time 
to compare them one with another in order 
to cheek possible secular changes in length 
(for method, see “ Comparators"), and at 
least one. of them, the most stable, must at 
less frequent intervals be referred, either 
directly or indirectly, to the primary standard. 

It should be noted, however, that it is not 
possible to make an exact copy of a primary I 
standard, but one can be made so that its ; 
length differs from that <>f the original by only j 
a small and readily determinable amount. 
For example, a copy of the metre may be I 
found to be 10 i.i short at 0" that is, its j 
length may be stated as equal to 1 metre 
- 10 n at O ' an expression which is usually 
referred to as its ” Equation to Scale.” 

Reference, so far, has been largely made to 
metre, and yard standards, but it is obviously 
necessary to have, for practical purposes, both 
longer and shorter standards. The latter are 
most conveniently obtained by a process of j 
subdivision of a standard length, and the best j 
standards for this purpose are of course the : 
working standards. Exact subdivision is j 
however impossible, and consequently it be- ! 
comes necessary to tind out by how much each \ 
interval or subdivision, before it can be put to ! 
any practical use, is in error ; in other words, j 
tin* scab* must be calibrated. The method 
by which this is done is described under “ Com¬ 
parators,” § (11). Longitudinal Comparator. 

Longer standards, usually complete multijtles 
of the yard or metre, may be made in the form 
of liars, tapes, or wires. Owing to tho* limita¬ 
tions imposed chiefly by bulk and porta¬ 
bility, such bars, when used as accurate stand¬ 
ards, rarely exceed 4 metres in length. For 
standards longer than this, tapes and wires 
arc used. These are very convenient in 
connection with surveying \v;ork, and owing 
to the smallness of cross-section are very 
flexible and can be wound on drums. They 
are thus very light and very portable (see 
“ Tapes and Wires ”). Before such liars or 
tapes can be used they must, however, be 
standardised by ultimate reference to the yard 
or metre. This can be done by dividing them 
into yard or metre sections, and then finding 
1 See “Metrology," § (0). 


the length of each of these sections by com¬ 
parison with a standard yard or metre. It is 
usual, however, with tapes to introduce for 
this purpose an intermediate standard, a 
common example of which is a bar with its 
delining lines 4 metres apart. Such a four- 
metre Oar must first of all he compared metre 
by metre with a standard metre, and its 
length thus accurately determined. It can 
then he used for standardising a tape. For 
example, the length of a 24-metre tape can 
he readily determined bv dividing it into six 
sections, each 4 me.tres in length, and com¬ 
paring each section with the four-metre bar. 
It is easily seen that the introduction of 
an intermediate standard is a groat con¬ 
venience iu that it results in a saving of time 
and a gain in accuracy. 

The four-metre bars in use at the National 
Physical Laboratory and at the International 
Bureau arc made of invar and are of the 11 
section type. They are necessarily of stout 
construction, tin* area of cross-section being 
about twice, that of a corresponding metre 
bar. 

§ (4) Invar and the Nicked Steel 
Alloys. 2 (i.) Temperature Difficulties. — 'The 
importance of an exact knowledge of the 
temperature and of the coefficient of 1 hernial 
expansion of a standard has already been 
alluded to. 3 The determination of the latter 
is a purely laboratory task, and can be carried 
out, as a rule, to any degree of accuracy ; 
but in certain circumstances it is difficult 
to measure the temperature with certainty. 
Such circumstances arise when it is not 
possible to control the temperature, and 
especially where the latter is apt. to vary 
rapidly over short intervals of time. Difli- 
eulties of this kind are inseparable from 
surveying work, where long tapes and wires 
are used. The work is necessarily done in 
the open air under all sorts of conditions, 
and consequently the temperature can only 
be approximately determined. Such a dist urb¬ 
ance as a sudden burst of sunshine after a 
cloudy interval, and just when an observation 
is being, or is about to be taken, may give 
rise to great uncertainty and consequent error. 
Further, a series of observations taken under 
i such varying conditions must subsequently 
: be adjusted for temperature, that is, all the 
! readings must be corrected so that they appear 
J as if taken at a particular standard temperature, 
j and this involves both the coefficient <4 expan¬ 
sion of the tape and the exact difference 
between the temperature of observation ami 
the standard temperature, lienee, an error 
in the observed temperature gives rise to an 
error in the correction, and therefore in the 
final result. In addition, the value of the 

1 See also article “ Invar ami Kllnvar,” Vol. V. 

3 See “ Metrology,” § (4). 
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expansion coefficient has an effect, on the ] 
result, in such a ease, since the greater the I 
coefficient of expansion the greater still must ! 
be the error of correction. 

As already mentioned, 1 these difficulties [ 
have been met in recent years by the employ- I 
merit of the nickel steel alloy “ invar,” which \ 
has such a low coefficient, of expansion, and 
which in consequence is now extensively used 
for the manufacture of line standards, par¬ 
ticularly the longer ones in the form of tapes 
and wires. The remarkable properties of 

invar have been briefly indicated, 2 but it is 
necessary at this stage to enter into more j 
details eoneerning it and the family of alloys I 
to .which it belongs. Such knowledge is ! 
supremely essential to a proper use of invar j 
in line standard work. 

M. Guillaume, the discoverer of invar, | 
directed his early researches to the discovery j 
of some material which would possess pro- j 
pci-ties rendering it perfect for use in the j 
manufacture of standards, and which would ' 
he considerably less expensive than platino- 
iridium, hitherto the most satisfactory. He 
soon recognised the eminent suitability of 
pure nickel, but the hope that he would he ! 
able to use it for making a four-metre standard j 
was not realised, for it was found impossible 
to produec sound pieces of nickel having 
lengths greater than about one metre. 

(ii.) Xir/cH Steel Alloys .—By a series of 
incidents he was led to study the alloys of 
nickel and steel, the remarkable properties I 
of which (contradicting all preconceived 
notions respecting mixtures of metals) are of 
such great importance to metrology. 

His investigations led him to classify these ' 
alloys into two groups, those containing more 
than 2d per cent nickel, and those containing 
less. The former possess properties that are 
reversible with temperature under ordinary 
conditions, while the latter are correspondingly 
irreversible. further research by different 
workers has shown that this classification is 
approximate' only, and that under certain 
conditions the two groups may overlap to 
some extent. 

The various physical properties of these 1 
alloys, magnetic, electrical, mechanical, etc., 
arc exceedingly interesting, but it is necessary j 
to confine attention here to expansion pheno- 
mena only. \ 

A nickel steel alloy is composed mainly of 
pure nickel and pure iron, together with small 
quantities, amounting to not more than one 
per cent in all, of one or more other substances, 
viz., manganese, carbon, silicon, chromium. 
Manganese has been proved to be a necessary 1 
constituent in all the alloys, since without it : 
it is not possible to forge the metal. Slight j 
variations in the proportions of any of these j 

1 .Set "Metrology,” § (4). i Ibid. § (4). > 


added constituents have a marked effect on 
the various properties of the alloys, for the 
sake of uniformity, Guillaume adopted as a 
typical alloy one containing ()•*! per cent Mil 
and 01 per cent ('. 

(iii.) Irreversible, Chanties .—The thermal 
expansion of an irreversible alloy is illustrated 
by Fig. 11. When cooled from a high tern- 



Flu. 11.- Expansion of a Nickel-slerl in the 
irreversible state (Ouillaume). 

perature it contracts uniformly as indicated 
by the straight line ABC. At a certain 
temperature the contraction slows down, and 
on further cooling tin* alloy expands as indi¬ 
cated by Cl). After this, normal contraction 
follows as I)E. On re-heating, it expands 
uniformly as E1)F, contraction then takes 
place along fB, after which the line BA is 
followed. If cooling is arrested at C' and the 
alloy reheated subsequent changes follow the 
line C'B'BA. The temperatures at w hich the 
various changes take place depend upon the 
composition of the alloy. .Such alloys as this are, 
of course, unsuitable for metrological purposes. 

(iv.) Hen rsible ('httnges, .The behaviour of 

a reversible alloy under ordinary conditions is 
quite .lilTcrent, the changes due to rise and 
fall of temperature following the same line.. 
Fig. 12 shows generally the changes that take 



Fill. 12. T.\ pica! Curve representing the Variation 
of Length with Tempera1ur<- in a Keveisihlc 
.Nirkcl-stcel (Ouillnuinc). 

place. On cooling from a high temperature, 
there is a normal contraction as ff, then a 
rapid change as El), followed by a slow 
contraction DC. A further change as CB 
brings the contraction to a normal one as BA. 
The temperatures at which these changes take 
place again depends on the composition of 
the alloy. For example, at ordinary tempera¬ 
tures (say about 20 C.) EE corresponds to 
an alloy containing about 2o per cent Ni, El) 
one between 27 per cent and 32 per cent Ni, 
Cl) one between 32 per cent and 3b per cent 
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Ni, etc. At higher temperatures a higher ' 
proportion of nickel corresponds to each 
portion of the curve. 

(v.) Fig. Ill shows how the expansion of a 
reversible alloy varies with the percentage of 
nickel content. The curve represents a series 
of alloys having expansibilities ranging from 
about 1 to about 15 millionths. The series, , 



Percentage of Niche! 


Fio. PI. Trur Kxpatisibilitirsnl'Jir C.(in millionths) 
of the Typical Alloys of Iron ami Nickel (contain¬ 
ing 01 Sin and 0 1 (’ per cent) piniilaiimc). 

moreover, is continuous, and it is thus possible 
to obtain alloys having any desired expansi¬ 
bility within the limits named above, a 
hitherto unattainable state of affairs with such 
a discontinuous series as iridium, tantalum, 
and tungsten. In contrast to these latter, 
also, is tin* cheapness of the alloys. 

In the same Fig. 15 tin* dotted line FN 
represents the expansibilities anticipated by 
applying the usual law of mixtures. 

The curve of Fig. 15 is, however, only 
applicable at normal temperatures. At higher 
temperatures it is modified in form, as clearly 
indicated by Fig. I I, the trough gradually 



becoming shallower with increasing tempera¬ 
tures, accompanied by a continuous move¬ 
ment of the minimum point to the right. 

§(5) Invar. ---The minimum point of the 
curve of Fig. 15 represents an alloy containing 
55-0 per cent Ni, with an expansibility of 
about. 1-2 in a million per 1° <\, and the name 
Invar (diminutive of invariable) is now applied 
to all the alloys having expansibilities in the 
neighbourhood <>f this point. The lowest- 
coellicient of expansion hitherto associated 


with a pure metal is that of tungsten, 4 m a 
million per 1 ('. 

The value of the coellicient of expansion at 
the minimum point is not invariable ; it is 
influenced by the amount of manganese and 
carbon present, and may he varied accordingly. 
But, as already noted, a certain quantity of 
manganese is essential to assist forging. Also 
all treatment, whether mechanical or heat, to 
which invar may bo subjected, modifies the 
value. Heating followed by slow cooling 
increases the value, but heating followed 
by rapid, cooling reduces it. ( old-rolling 
or drawing further assists in reduction. 
The important fact follows that it is thus 
possible by suitable treatment to reduce the 
coellicient of expansion so much that it 
becomes negative, (luillaume producing by 
Much a means invar with a coefficient equal 
to ( 0 - 532 -t 0-003770)10 6 at ordinary tem¬ 

peratures. An adjustment of the conditions 
renders it possible to produce invar of almost 
zero expansibility, and as early as 1003 several 
kilometres of wire were produced having a 
coellicient equal to (04)28 O4H)2320)lO-«. 
The value of this in accurate surveying work 
i is too obvious to require labouring. 

Unf ultimately invar possesses a slight, 
instability which manifests itself in various 
ways, but which it is necessary to take into 
account where the highest accuracy is required. 

A forged bar of invar shows small transitory 
changes of length after change of temperature. 
Consider it as observed at a certain tem¬ 
perature 0. If it has been previously exposed 
at a higher temperature it will, after the main 
contraction is effected, continue to elongate 
slowly. Jf, however, it has been brought from 
a lower temperature, there is a corresponding 
slow contraction. The time during which 
such ji change occurs is greater wnen 0 is 
reached by cooling than when it is reached 
l,v heating. Also the higher the temperature 
the greater the rate of these changes. The 
amount of these anomalous changes for a 
rapid change of temperature, between the 
limit 0° and KM' may he represented by 
the following empirical formula (due to 
(luillaume), ft being the, temperature, 

AL . -0-00425 

A turned l>ar of invar also possesses a slow 
progressive and permanent change extending 
I over several years. This secular change is 
independent of the transitory changes just 
j referred to and is continuous. A freshly 
forget I bar, cooled to and kept at normal 
! temperature, expands slightly, at first quickly 
; and then more slowly, approaching a definite 
1 limiting length. The extent of the change 
i can, however, be reduced by employing a 
; suitable ageing process, called by (luillaume 
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tin cage (storing or .stowing), to distinguish it 
from a similar hut distinct process, annealing. 
It consists of maintaining the material at a 
steady temperature of 100° ('. for 100 days, 
and then very slowly cooling it over a period 
of two or three months. Fig. 15 will give 
an idea of the extent of this secular change 

/< 



Fin. 15.—KlomratIons in Microns per .Metre of Invar i 
with Time (Guillaume). rpper curve, forced ; 
bar not treated ; lower curve, forged bar cooled ! 
in 50 dajs from 150 to 40 ' ('. 

for a bar not treated and for a bar subjected ; 
to an ageing or striving process. 

An aged invar bar (No. 27) has been under 1 
observation at the N.P.L. for 10 years, and i 
the total elongation during that time amounts | 
to 21 /j. (Fig. 10). j 



Fid. 10.—Curve showing Secular Growth of X.P.b. ! 

Invar Standard Metre Xo. 27 during It) yeyii.s. 1 

A drawn bar of invar behaves in a manner- 
similar to that of a forged bar, but in addition 
exhibits a change not possessed by the latter. 

If it rests for some time at normal tern- j 
perature, and is then brought to 100° C’., it i 
shortens, then elongates, and afterwards again i 
shortens. 

The facts outlined in the preceding para¬ 
graphs serve to show how complicated is the 
thermal expansion of invar, and emphasises 
the necessity for care in using the metal for : 
standards. It. is obviously not suitable for j 
use in making absolute or reference standards, , 
but it is of considerable value provided it is 
used with precaution, and provided it is checked \ 
at intervals, at least once a year, against more j 
stable standards. 

A more stable alloy is the 42 per cent or 
4.3 per cent nickel-steel, which shows only a 
very small secular growth after it lias been 
suitably aged. On this account it is often 


preferred to invar, although its expansion is 
about + 8 x 10-° per 1° 0. 

Quite recent researches (1020) by Guillaume 
point to the presence of carbon as the cause 
of instability, and that therefore there is every 
prospect of producing eventually an invar 
which shall be absolutely stable. 1 

§ (0). (i.) Fusel Silica has also been 
mentioned 2 as having a low expansibility 
(-f 0-4x10“® per 1° (’.), which gave rise to 
tl^o idea of utilising it for a line standard. 
Its lack of thermal hysteresis also recom¬ 
mended it in this direction, and its secular 
stability has since been proved by observations 
extending over a number of years. It is 
simple in composition, durable, chemically 
stable, and is certainly not costly. Its chief 
drawbacks arc its fragility and the difficulty 
of rendering visible through water lines ruled 
on its surface. The latter has been overcome 
in a simple manner as described below, while 
the former resolves itself into a matter of 
careful handling, such as it would naturally 
receive in the hands of a person habitually 
using important standards. 

(ii.) Silica Metre. —The idea of utilising 
silica as the material for standards of length 
was first conceived at the N. P.L., where, 
after preliminary investigations, was designed 
a silica metre standard, which was completed 
in 15)11. 3 It consists of a tube of transparent 
silica about j inch in diameter, terminating 
at each end in a horizontal silica slab, which 
is about l inch thick and semicircular in 
shape. To prevent rolling of the bar when 
under observation, silica trunnions are fused 
into the rod at one of the correct positions of 
support, the other point being indicated by 
an etched line round the tube. The trunnions 
are wedge-shaped, with the edges underneath. 
Special supports are provided, one with two 
Hats for the trunnions, the other being an 
ordinary roller for the other points. As the 
bar is observed in water, it is provided with 
a hole at each end so that the inside of the 
{ube may be filled w ith water. 

The slabs and the edges of the trunnions 
are very accurately finished. The surface of 
each slab is polished optically flat and parallel. 
The edges of the trunnions arc parallel to the 
surfaces of the slabs to within 1 in 500. The 
upper surfaces of the slabs are parallel to 
within 1 in 15,000, and are eoplanar to 
within 1 mm. r and the two slabs are the same 
thickness within 0 02 mm. 

The under sides of the slabs are platinised, 
the fihns being very thin and adherent. The 
defining lines are ruled completely through 

1 Guillaume, " Aclcrs an Nickel”; Pror. Phgs.Sor., 
xxxil. :*74 ; B. of S. Fire. 58, “ Invar and Related 
.Nickel Alloys”; article “Invar,” Vol. V. 

2 Sec “ Metrology,” <i (4). 

3 G. W. ('. Kaye, D.Sc., ” A Silica Standard of 
Length,” Proc. Hog. Soc. A. 85, 1011. 
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those films, and are viewed through the slabs 
from above. It is for this reason that the 
slabs are so accurately finished to prevent 
optical displacement of the images. The films 
are protected by cover slips cemented over 
them. 

If the points of support of the bar are 
correctly placed in accordance with Airy’s 
formula, the end slabs will bo horizontal, 
and any slight error in fixing the points will 
cause, points in the neutral plane near the cpds 
of the bar to be displaced in a vertical 
direction only, that is, there will be no hori- 


Mir 11 k lson 1 s E x rKiti m v. n t 

§(7). (i.) No account of length standards is 
complete without a description of the experi¬ 
ment whereby Professor Miehelson measured the 
metre in terms of the wave-length of mono¬ 
chromatic light. This attempt 1<> establish a 
“ natural ’’ standard of length is best under¬ 
stood by reference to his own explanatory dia¬ 
gram, Fig. lf>, the apparatus which he used 
being based on his well-known interferometer. 1 

Two pencils of light from a source -s (Fig. 19) 


• .. ' ..' ‘“■ t — _^___ _13> 


R _ 

•ft 

. 

Fin. 17.—The iN.P.L. Silica Metro and Special Supports. 



zontal displacement. For this reason, the 
end slabs are so arranged that f lic image of 
the lines shall always lie in the neutral plane. 
As the images are formed slightly above the 
platinised surfaces, it follows that the latter 
must be placed just as much below the neutral 
plain*. Thus the slabs are not symmetrically 
placed with respect to a horizontal axial plane 
of the bar, I lie neutral plane being in fact 
(Ki mm. above the platinised surfaces. 

The bar was made by tlie Silica Syndicate, 




are collimated and fall on the back surface (as 
viewed from n) of the plate <( ; part of the 
light is reflected towards the mirror d, and 
hack on its path through n to an observer at 
o, while the other part passes on to mirror b, 
through the compensating plate <\ and is 
reflected back along the same path, one pencil 
from the mirror in, and the other from the 
mirror n , and finally by reflection at a reaches 
o. Two sets of interference fringes can he 
seen at o, corresponding t<> the two pencils 
of light. If or n be moved in a direction 



Fia. ]«)_—Miehclson's Kxprriment. The optical 
anangeimiit. 


Flu. is.—The JS.r.L. Silica .Metre (scale drawing). 

the polishing of the surfaces was carried out 
by Messrs. 11 ilger, and the platinising and 
ruling of the bar done by t.lip staff of the 
N.P.L* where the bar has since been used as 
a ternary standard. Since its completion, it 
lias been under continuous observation, except 
during the war. and there is no evidence so 
far of any sensible change in length, any 
slight variations in results obtained being 
attributable to errors of observation. 

Figs. 17 and IS give an idea of the appearance 
and dimensions of the bar. 


at right angles to its reflecting surface, the 
corresponding set- of fringes will move across 
the field of view, and the number passing any 
particular fiduciary mark can be counted. 

Owing to the limited distance at which 
interference fringes can he observed. Miehelson 
found it necessary to adopt as an intermediate 
standard a length shelter than the metre. He 
proceeded to measure the number of wave¬ 
lengths in this intermediate standard, and then 
used the latter for measuring the whole metre 

' Trur. it Men. tie IU.F.M. xi. I ; A. A. Michel- 
son, Litjht HVires ami their Csex. See also •‘Inter¬ 
ferometers,” Vol. IV. 
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in much the name way as a yardstick is used 
for measuring a length of cloth. This inter¬ 
mediate standard had to he as long as possible 
to reduce errors of addil ion u hen it was applied 
to the metre, and yet to he short enough to give 
dutfinet fringes. The length of one decimetre was 
decided upon as host fulfillin'; these conditions. 

Mioholson found it convenient to construct, 
his decimetre or intermediate standard in a j 
form differing from that of the ordinary line | 
standard, and Fi<j. 20 shows how this was done. | 



l-’iu, HO. -An Intermediate Standard. 


On a brass casting 1$ are mounted two mirrors 
A and A', which are adjustable by means of 
three small pins to their rear, so that their 
front faces are truly parallel to a high accuracy, 
the distance between the front faces constitut¬ 
ing the length of the intenned’atc standard. 

The number of wave-lengths concerned in 
one decimetre is of the order of 200,000, the 
difference of path of the waves being of course 
two decimetres. The counting of such a large 
number with absolute certainty as to the result 
would have proved auenormoiistask had it been 
attempted. Miehelsoti, however, decided on i 
another process of counting. lie constructed a i 
number of still smaller standards of the same , 
type as the intermediate standard described 
above, their lengths being such that, together ; 
with the decimetre standard, they formed a geo- j 
metrical progression with a common ratio of 

Altogether nine such standards were used, ; 
varying in length from about .1 mm. for the 
smallest to one decimetre for the largest. The _ 
counting with certainty of the number of 
wave-lengths, a matter of about 1200 in the ' 
shortest of these lengths, was a comparatively 1 
simple matter. The numbers of wave-lengths 
in the other stain lards were, obtained by a scries , 
of comparisons with this smallest, standard, no 
further counting being necessary. How this 
was done will be clear from a description of 
the method of carrying out the observations. 

The source of light for the apparatus is a 
cadmium vapour lamp which gives out three 
simple radiations—red, green, and blue and 
the particular radiation required is selected by 
means of a dispersion prism. 

Returning to Fit/. 11), nun', nn' represent 
the mirrors of the two smallest standards. 


d will be referred to in what follows as the 
reference plane, d , mm', and ini' are arranged 
so that they can be moved in the direction 
of the rays of light. 'The two front mirrors 
in and n are adjusted in position to give 
fringes in white light with the reference 
plane d. Tin* central fringes being black and 
the others coloured, it is easy to distinguish 
them, and when the central fringes occur in 
the same relative position on in and n, then 
thq latter are in exactly the same plane. In 
this position tin* surface of the reference plane 
may he said to he coincident, with in and n. 
The reference plane is next moved slowly 
backwards the length of nan \ the shorter 
statu lard, that is, until the reference plane is 
coincident with in’, the fringes due to the 
selected radiations being carefully counted as 
they pass across the lield of view. The 
coincidence of m and d is detected by the 
fringes due to white light. This may be 
repeated once or twice as desire*.I ill order to 
verily the number counted. The fraction of 
fringe at the beginning and at the end of the 
interval can bo estimated to about V„t)i of a 
fringe, corresponding to about. j’„ /x. The 
next step consists in moving the standard mm' 
backwards through its length, that is, until m 
is again coincident with the reference plane, 
which is then once more moved through the 
distance nun' and becomes coincident with in' 
again. At this point, the appearance of the 
while light fringes will indicate when nn' is 
exactly twice the length of nun', and if it is not 
so, it is possible by a simple process to measure 
the difference in fringes with the same degree 
of accuracy as rioted above. 'Thus tin* length 
of nn' is found by direct comparison w ith min'. 

mm' is now removed and replaced by the 
standard which is twice nn' and the whole pro 
cess repeated. liy a succession of such steps 
the decimetre is at last reached, and its length 
in wave-lengths is determined. Fit/. 21 gives a 
general idea of the apparatus used, 1 he source 
of light, dispersion prism, etc., being omitted. 

It now remains to compare the decimetre 
wit-1 1 the metre, and this is done in leu steps 
by exactly the method described, ltesort is 
made to the microscope in the linn! comparison 
with the line standard, and although the. 
acc uracy obtained is not nearly so good as 
with the wave measurements, the total error 
due to the only two observations necessary is 
about equal t*» that due to the probable* sum 
total of error due to the wave measurements. 

The number of wave-lengths in one metre 
was thus found to be as follows : 

1,503,103*o for tin* red radiation, 

1,0(>0,249*7 for the green radiation, 

2,082,372*1 for the blue radiation, 

! all being observed in air at lo ' ( !. under normal 

I atmospheric pressure. 



LIQUID, DENSITY OE - MANOMETER 


Jn the design and construction of the 
apparatus, various mechanical difficulties 
arose, such as the production of accurately 
lapped ways for the carriages supporting the 
reference plane and standards, but these were 
all overcome with much prolonged and patient, 
labour. 

(ii.) A re-detennination of the metre in 
terms of wave-lengths was made in 1900 by 
MM. Jfeuoil, Fabry, and lVrot. 1 The method 
employed and the apparatus used differed 
considerably from Midiclson’s, the manner of 


Determination of, by means of a pykilo¬ 
meter. See ibid. § (15) (i.) f 
.Determined bv means of sinker weighings. 
See ibid. § (if>) (ii.). 

l.iQi’m Depth (iAI'iik, distant reading tv^e. 
See “ Liquid Level Indicators.” § (W). 

Litre: the metric unit of volume. See 
“ Voluny*, Measurements of,” ijfj (1) and (2). 

Location Sionai, : term applied to a group 
of wave-length rulings. See ” Jane Stand¬ 
ards,” § (l) (vi.). 



counting the wave-lengths depending on the 
coincidence of fringes of different wave-lengths, 
though recourse had still to be made to a. 
succession of subsidiary standards of a special 
type. Tin? number of wave-lengths of the 
cadmium red radiation was found to be 
1,555,101'L‘h thus continuing very closely 
Michclson’s figure. w M j * 

Liquid, Density of, determined by means 
of total immersion floats. See " Bal¬ 
ances,” § (15) (v.). 

1 Tnir.rt Mrw.de B.l.l'.M. xv. 1. 


Loo-us: Rucks. See “ Draughting Devices,” 
I'- 

Lo.Nc.m in;, Determination of. See article 
“ (Iravit v Survc>," $ (9). 

By prismatic astrolabe. See ibid. § (9) (iii.). 

LoNOITPLHNAE COMPARATOR AT TUII BUREAU 
1 ntkknation.vl, Sevres: description. See 
” Comparators,” § (11). 

LoNIJITUlJl N AL OR Si’ HIM VID1 NO COM PAJI A’l’OliS: 
general description, scope. See “Com¬ 
parators,” § (10) (i.). 

Looming. See ‘’Meteorological Optics,” 5j (8). 

Lowknukkz. Standard Thread. See article 
“ Oauges,” § (50). 


— M 


Ma.jokana’s (Quenchino Factor. See article. 

“ (Iravity Survey,” § (10). 

Manometer : 

High precision, designed by laud Rayleigh 
for use with a constant- head of liquid, 
to determine the densities of gases: a 
steel rod, containing two liducial points, 


determines.and also measures,the distance 
In*tween the upper and lower mercury 
surfaces. Sec “ Barometers and Mano¬ 
meters,” (20) (it). 

Metal Diaphragm, used as a sphygmo¬ 
manometer to measure blood-pressures. 
See ibid. $ (19) (vi.). 
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Optical lever, for measuring small-pressure 
differences. See ibid. § (20) (r). 

Simple l'-tube (siphon). See ibid. § (10) (i.). 
Manostat : an instrument, used chiefly in 
chemical experiments, to control the press¬ 
ure within an apparatus. See “ Barometers 
and Manometers," § (21). 

MAP PROJECTIONS * 

The word Projection is used here in a sense 
much wider than it hears in geometry. A 
map is the representation on a Hat sheet of 
the relative positions of features which lie on 
a curved surface, the surface of the Earth. A 
perfect representation being impossible, since 
the surface of a spheroid is not developable oil 
a plane, we have to find some construction on 
the plane corresponding to the meridians and 
the parallels of latitude on that portion of the 
spheroid to be represented on the map : this 
construction is the Map Projection. A 
geometrical projection, such as the projection 
from the centre of the spheroid on a tangent 
plane, has not necessarily any particular 
advantage, and the projections in actual use 
are mostly not of this kind. Any orderly 
method of constructing meridians and parallels 
may be considered a map projection or 
“ graticule," whose value will depend on ful¬ 
filment of conditions appropriate to the map J 
under construction. ' 

The, criteria of a Map Projection arc: (1) : 
uniformity of scale; (2) accurate representa- • 
lion of area ; (2) true representation of shape ; 
(4) ease of construction ; and (.">) adaptability , 
to methods of survey and computation. The 
first three are criteria of principle : they cannot 
all be satisfied at once over any large area of ; 
the Earth’s surface, though for an area a few 
degrees square the representation may be 
practically perfect. The last two have little j 
theoretical interest but great practical import- | 
auce, which is sometimes overlooked in treating 
the subject. 

§ (I ) Font Classes of Mats. —The choice of j 
a projection is governed first, by the class of j 
ma]) required : (a) the World map, covering at ; 
least a hemisphere ; (h) the Atlas map, cover- j 
ing a continent, or at least a country, on scales ; 
smaller than 1/Million, with generalised lopo- j 
graphv ; (e) the smaller scale Topographical I 
map, between 1/Million and perhaps 1/100,000, j 
either compiled and reduced from larger scale 
surveys, or the result of rapid and approximate 
work in the field, and covering at most a few 
degrees square ; and finally (d) the large scale 
Topographical map, each sheet covering only a 
few hundred square miles on not less than 
)/o0,000, representing the detail surveys of the 
field ami the ealeulations of tin; computing 
office. In maps of class (a) the defects of j 
projection arc obvious, and the choice is a [ 


choice of evils: in class (b) a judicious choice 
can generally avoid the grosser errors, though 
the map is sensibly imperfect in its repre¬ 
sentation of distance or area or shape; in 
class (<•) the representation on a single sheet 
| is to the eye practically perfect, though the 
errors are susceptible of measurement ; and 
in (d) the errors of a well-chosen projection 
may be smaller than can be drawn, but are 
still readily appreciable in the numerical work 
that is the basis of the map. In the first two 
the errors that result from neglecting the 
ellipticity of the Earth’s figure are so much 
smaller than the defects of the projection that 
it is hardly worth while to trouble about them. 
In the (wo last it is essential to take into account 
the figure of the Earth ; not because it pro¬ 
duces any visible difference in a single sheet 
of the map, but because it is involved in tho 
survey caleulati<ms. 

>5 (2) The Pkofkrties of Projections.— 
The criteria by which a projection is judged 
are defined above as : 

(i.) Representation of Sadc : A small dis¬ 
tance on the ground should bear a constant 
proportion tu the corresponding distance on 
the map. This cannot 1»> secured completely, 
or the map would he a perfect representation, 
which is impossible. But the scale along the 
meridians may be correct, or along one or 
more parallels, <>r along the radii from the 
centre of the projection. 

(ii.) Representation of Area: Although the 
scale cannot be correct in ail directions all 
over the map, it may at every point of the 
map la* such that the scale in one direction is 
inversely proportional to the scale at right 
angles to the first ; each element of area has 
then the same proportion to the corresponding 
element on the ground, and the map is " equal 
area.” 

(iii.) Representation of Shape : Although all 
shapes cannot he represented truly, the scale 
in one direction may be at every point pro¬ 
portional to the scale at right angles, so that 
the shape of elementary areas is preserved, and 
the projection is called orthomorphie or con¬ 
formal. 

(iv.) Ease of Const ruction : which depends 
more on the technical equipment of the carto¬ 
grapher than on the complexity of the pro¬ 
jection. In most cases the projection of a 
map is plotted in rectangular co-ordinates, 
and smooth cift vcs drawn through t he. plotted 
points. Unless the, curvature is very sharp, the 
class of curve makes little difference, at any 
rate in a large establishment, when* the 
calculation and drawing are done by different 
I ample. 

(v.) Adaptability to methods of survey and 
computation is much more important in the 
work of a large survey, where it is desirable 
that the numerical co-ordinates of all trigono- 
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metrical points shall bo calculated once for all 
in a single system, ready for immediate use 
on any sheet of the series. This is especially 
important in war, for successful co-operation 
with the artillery. 

§ (U) Relative Importance of these Pro¬ 
perties. —This depends on the class of map. 
For a World map orthomorphism is of small 
value, since the shape of large areas cannot 
be preserved correct ; equivalence of area is 
desirable, at least approximately ; accuracy 
of scale sutlioiont to allow of distances being 
measured in any direction can hardly bo 
obtained; but ease of construction is useful. 
Most important is the choice of centre and 
boundaries, so that the area to be represented 
is well arranged, and the relative situation of 
its parts preserved so far as possible. But, 
speaking generally, no measures can be made 
on a World map without precautions and 
subsequent reduction : the misrepresentation 
on a plane is loo great. 

In an Atlas map, as defined above, the 
errors are not so unmanageable. On a well- 
chosen equal area projection the areas are 
preserved and distances may be measured 
roughly, with precaution. But true bearings 
or azimuths are generally unmeasurable to a 
greater or less degree according to the size of 
the area, and ortliomorpliism is not of much 
account except in the special ease of sea- 
charts on Mercator’s Projection. 

In the smaller scale Topographical maps it is 
easy to have scale and areas sensibly correct, 
though not exact, and ortliomorpliism is 
important as facilitating the compilation of 
material reduced from varying hut huger 
scales. In t he larger scale Topographical maps 
and plans the errors of the projection may he 
made insensible to measurement, and the 
projection is chosen to facilitate the orderly 
and convenient arrangement of the triangula- 
tifcm and reductions. 

§ (4) Nomenclature of Projections - 
Practice varies very much : hut a convenient* 
way is to divide the projections into genera 
according to the method of construction: 
conical, cylindrical, zenithal (including perspec¬ 
tive as a sub-genus), and conventional: the last 
a wide class, which may at discretion include 
or exclude the modifications in the former, 
such as Bonne's or the I’olyeonic. The genera 
are then divided into species according to 
their properties of correct representation of 
length, area, or shape of an elementary area : 
thus we have the conical equal area, the 
zenithal orthomorphie, and so on. This 
principle cannot be used to the full without 
pedantry, as there are some, projections always 
called after their inventors, as Mercator’s, or 
after their principal advocate, as Bonne’s. 

§(5) Classes of Projections. —Perspective 
projections are those which are projections in 


the geometrical sense, produced by the inter¬ 
section of a plane with a bundle of rays drawn 
through points on the spheroid from a common 
vertex of projection. Such are the Gnomonie, 
Stereographic, Orthographic, and Clarke's 
Minimum Error Perspective Projections. « 
^ (i.) Conical Projection#. —These 1 are defined 
most generally as (hose in which a set of straight 
lines radiating from a common vertex are cut 
at right angles by a set. of concentric circular 
arcs described about that vertex. In practice, 
though not necessarily, the first set are equally 
spaced, ami the different properties required 
are obtained by modifying the spacing of the 
circular arcs. The figure thus bounded by the 
extreme radii and the circular arc of radius r, 
furthest from the vortex, is a fan-shaped figure 
with an angle at the vertex equa 1 to 2irn, 
where n lies between 0 and 1. This fan-shaped 
figure may be rolled into a cone of which the 
solid angle depends on the magnitude of n, 
which is called the constant of the cone. The 
radiating straight lines have become generators 
of the cone, and the circular arcs have become 
its circular sect ions. 

Lot one of these circular sections bo the same 
size as a chosen parallel of latitude of the 
spheroid, and be made to coincide with it. 
The vertex of the cone will then lie in the polar 
axis of the spheroid produced. The circum¬ 
ference of the circular section is '2irrn, and <>f 
a parallel of the spheroid is ’Ittv cos <(>, where </> 
is the geographical latitude and v the radius 
of curvature at right angles to the meridian 
in that latitude. Hence the constant of the 
cone is v cos 

The two coincident circles, the section of the 
cone and the parallel of latitude, being divided 
similarly, the generators of the cone will 
correspond to meridians of the. spheroid, and 
will make angles with one another equal to n 
times the corresponding angles between the 
meridians. The position of the vertex on the 
polar axis produced, and consequently the 
length of r, arc still at disposal, and there is 
evidently an infinite series of cones based on 
a given standard parallel, but with different 
radii and different values of n, the constant 
of the cone. If the vertex be so chosen that 
the (‘one is tangent to the spheroid along the. 
parallel of latitude, then r v cot </> for that 
parallel, and the constant of the cone equals 
sin 0. If, further, we have the radii of the 
concentric set of arcs so spaced that their 
distances apart are the same as the distances 
of the other parallels of latitude of the 
spheroid, then we have on the cone a con¬ 
struction of mdiating lines and orthogonal 
concentric arcs which, when the cone is 
developed on to a plane, gives the simple 
conical projection. 

* By keeping the meridians the same, but 
modifying the spacing of the parallels, one 
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may make the projection equal area or ortho- | 
morphic ; and one might do the same on any 
one of the cones of the infinite series men¬ 
tioned above. But in fact this great variety 
is never used ; if one parallel is to be made 
the right length, the cone is always supposed to 
be tangent at that parallel for the simple conic 
with true meridians, and for the simple conical 
orthomorphio, though not for t he u >nieal equal 
area with one standard parallel. 

In all such conical projections with only one 
parallel its true length, the scale along the 
other parallels rapidly becomes seriously un¬ 
true, which can be to a great extent remedied 
by making two parallels standard, or true to 
scale. But it is important to note that the 
cone with those two parallels standard is not 
the cone which cuts the spheroid in these two 
parallels, and to speak of these projections as 
“ secant conical " projections is misleading. 

(ii.) Oblique, Conical Projections .— Up to the 
present we have supposed the radiating lines 
to correspond to meridians of the spheroid, 
and the concentric circular arcs to its parallels 
of latitude: this is the normal ease, and the 
vertex of the cone mav then be pictured as 
in the polar axis produced, though by this 
time we may very well dispense with picturing 
the cone at all. But if the conical projection 
is not normal, the radiating lines from its 
vertex will correspond to radiating great 
circles from a point on the sphere- -to speak 
of the spheroid makes difficulties—and the 
concentric ares correspond to concentric small 
circles of the sphere about the point. Such 
oblique conical projections have no value, 
except in the particular case when the constant, 
of the cone becomes unity, and tlie cone may 
be pictured as degenerating into the tangent 
plane at the point. This gives the valuable 
series of Zenithal or A/.imuthal Projections. 
Zenithal projections may of course be centred 
on the pole (Polar Zenithal), or on the equator, 
but more generally are centred on some point 
between the two, and called Horizontal. They 
are usually true to scale at the centre, though 
there is no reason why some other small circle 
instead of that at the centre should not be 
made true ; and the radii are divided to give 
true distances from the centre, equal areas, 
or orthomorphism, on the same principles as 
the conical projections from which they may | 
be considered derived. The meridians and 
parallels of the sphere are represented by 
complex curves, which are, however, con¬ 
structed without much difficulty bv calculat¬ 
ing the distances and bearings from the centre 
of their principal intersections, plotting the 
bearings true, and the distances along the 
radials according to the law of the projection. 
One zenithal projection may therefore be 
readily converted into another, of different 
properties, by simply modifying the radial 


distances, preserving the bearings from the 
centre. Zenithal projections are much used 
for Atlas maps, but never for maps on a large 
I scale, and it is rarely if ever necessary to take 
account of the cllipticity of the Earth further 
I than to use for the radius the geometric mean 
of the radii of curvature at right angles to and 
j in the meridian through the centre of the map. 

I (iii.) Cylindrical Projections. —If the constant 

i of the cone becomes zero, or the vertex is 
; supposed to be at infinity, the cone becomes a 
! cylinder, which may >*e thought, of as toueh- 
. ing the spheroid along the equator (Normal 
| Cylindrical), or along a meridian (Transverse 
Cylindrical), or along some other great circle 
(Oblique Cylindrical), the last, being of little 
importance. The distances from the vertex of 
the cone, the radii, all become infinite, and our 
formulae have to be adapted to give differences 
of radii. Throe of the cylindrical projections 
-Mercator’s, Cassini’s, and Lambert’s first 
or the (iauss Conformal—are among the most 
important of all projections. 

§ ((>) CxirouM Notation for Eormimak 
of Projections. (i.) Conical: /•„ is the 
radius of a single standard parallel of latitude 
</>„ or co-latitude 

r,, are the radii of two standard parallels 
of latitudes </»,, or co-latitudes Xr 

r is the radius of any other parallel of 
latitude </> or co-latitude y. 

It is the radius of the Earth reduced to the 
scale of the projection: or if the elliplicitv 
is taken into account, y is the radius of 
curvature in the meridian, and i< at right 
angles t<> the meridian. 

a is the constant of the cone; 

A\ the difference of longitude from the 
central meridian ; 

0 the angle a meridian of the projection 
makes with the central meridian; whence 
On. \\. 

(ii.) Zenithal: r is the radial distance from 
the centre of the projection co; responding to an 
singular distance ( on the sphere. 

j is the angular radius of the boundary of 
the map. 

§ (7) Scale Valve of a Piiojmotion at 
Different Points. (i.) Conical: The scale 
along a meridian is drjyd<f>. The scale along 
a parallel is 

rdoju cos if> d\ - nrjv cos </>, 

and then scale values can he found very 
! easily for any point from the formulae given 
for the radii in the various conical projections, 
it being practically sufficient to put both p 
and v — R in the calculation. 

(ii.) Zenithal: The scale along a radial is 
: dr/\id{ and along a parallel small circle is 
rj R sin L 

j ( •onside*'fttions of symmetry show that the 
above found scale values are maximum and 
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minimum values of the scale values at the 
point. (-all them a and 6 (a^b). Then 
an elementary small circle about the point 
on the Earth is transformed by the pro¬ 
jection into an ellipse with semi-axes a and b. 
tts ellipse is called the Indicatrix. It is 
easily shown that the maximum deformation 
of angle in the immediate neighbourhood of 
the point is 2w, where sin w —(a - b)j(a + b). 
The values of a, 6, and 2u> are often tabulated 
for intervals over the projection, as a criterion 
of its deformation ; and for all orthomorphic 
projections 2w -0. But this gives a false 
impression of accuracy. A better test of the 
freedom of a projection from serious distortion 
is to calculate from the rectangular co-ordinates 
the distances and hearings between selected 
points far apart on the projection, and compare 
with their true distances and hearings on the 
sphere. The result of such comparison is 
by no moans in favour of the orthomorphic 
projections for maps of great extent. 

§ (S) I*kin< ii’Ai. hiOjKCTlONs. The prin¬ 
cipal projections for maps arc described briefly 
in the following paragraphs, arranged alpha¬ 
betically, not systematically. When a projec¬ 
tion is of value only for small Atlas maps, 
the Earth is generally taken as spherical; 
but when necessary the radii of curvature f> 
and v are used instead of It in the formulae 
which follow : 

(i.) . I in/'s Projection by Haiti nee. of Errors. ~ 
Invented by Sir George Airv when Astronomer 
Royal (Phil. May., Dee. 18(il ; corrected by 
(■apt. Clarke. Phil. Mat/., April 1S(>2). A 
zenithal projection on a complicated formula 
constructed to make the “ total misrepresenta¬ 
tion'* (expressed by the integral over the 
surface to be represented of the sum of squares 
of errors of scale in two orthogonal directions) 
a minimum. The law of the radii depends 
on the spherical radius to be represented. 
Thu original investigation by Airy was 
erroneous, and although the error was quickly 
pointed out by Clarke, the numerical results of 
Airy are often quoted in text-hooks. A sin^ll 
example, with centre in lat. 22 A 0 N. and 
spherical radius 112£‘’, is frequent in atlases: 
but its only serious use is for map of United 
Kingdom bv Ordnance Survey on 10 miles to 
inch, covering area much too small to exhibit 
the merits of the projection, which is suitable 
for hemispheres. 

Formula: 

r=2RM 1 [cot Aj' log see A<’ 

+ tan Jj-cot* \ft log sec lft \, 

where logs are common, M their modulus, 
M 1 - 2-20250, and ft the spherical radius. 

(ii.) Bonne's Projection , or Projection du 
Depot de I" fiverre, — First used in a rough 
form by Ptolemy for his second projection for 
World-map; by Bonne (1752); and adopted 


by the Depot de la Guerre (1802) for the map 
of France on the scale 1/80,(KM). Much used 
throughout last century in continental surveys, 
i for the 0.8. maps of Scotland and Ireland, 
and in atlases. A modification of the simple 
conic, in which all the parallels are divided 
truly and meridians are curves passed through 
these dividing points. The projection is equal 
area ; and scale along and perpendicular to 
i parallels (fait not along meridians) is correct. 
Its great defect is the obliquity of meridians 
to parallels, increasing with distance from 
| centre. This proved so disadvantageous for 
! artillery work that at the end of the Great 
| War the tactical maps of the Allies were all 
being converted to Lambert's Uonical Ortho- 
morphio Projection (t/.r.). 

(iii.) Breusintjs Projection. —A mean between 
the Zenithal Equal Area and Zenithal Ortho- 
: morphic (Slereogruphic). Its inventor employs 
: the geometric mean, with radii given by 

j r - 2R N / t(in sin .((•. 

But it has been shown recently bv Young 
that the harmonic mean gives a better result, 
with radii 

r 211 tun K- 

i (iv.) Cassini's Projection (Transverse Simple 

; Cylindrical).—Used by Cesar Francois Cassini 
1 for the Carte de France, 1745 1722, and by 
the Ordnance Survey for the maps of England 
(Scotland and Ireland are on Bonne's Projec¬ 
tion). Taking a central meridian and fixed 
point on it as origin (for‘England the meiidian 
through the point of the principal triangulation 
at Dclamere, Cheshire), the length of the 
spheroidal perpendicular from any point to 
(lie central meridian, and the length of the 
are of meridian from the origin to the foot 
of this perpendicular, are plotted as rect¬ 
angular co-ordinates. The scale at right angles 
to the central meridian is correct; the scale 
parallel to it is too great by a quantity vary- 
! ing as the square of the distance from the 
! meridian, lienee the projection should not 
be used for a map covering a great extent of 
j longitude. 

| For spherical Earth the co-ordinates x and 
; if are given by 

sin x ■: sin AX cos </>, 
cot (</vK ? /) "fos A\ cot (/», 

; (/>„ being latitude id origin. For spheroidal 
i Earth the expressions for x and y are eoinpli- 
i eated, and calculation proceeds by successive 
; approximations, or by the expansions in 
series (see The, Mathematical Basis of the 
Ordnance, Maps of the P.K ., Major A. J. 
I Wolff, D.S.O.. R.E., Southampton, 1010). 

I (v.) Clarke's Minimum Error Perspective 
J Projection .— About 1800 Colonel A. R. Clarke 
j applied Airy’s principle of making total 

2 I 
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may make the projection equal area or ortho- 
morphic ; and one might do the same on any 
one of the cones of the infinite series men¬ 
tioned above. Rut in fact this great variety 
is never used ; if one parallel is to be made 
the right length, the cone is always supposed to 
be tangent at that parallel for the simple conic 
with true meridians, and for the simple conical 
orthomorphie, though not for the amical equal 
area with one standard parallel. 

In all such conical projections with only one 
parallel its true length, the scale along the 
other parallels rapidly becomes seriously un¬ 
true, which can be to a great extent remedied 
by making two parallels standard, or true to 
scale. But it is important to note that the 
cone with these two parallels standard is not 
the cone which cuts the spheroid in these two 
parallels, and to speak of these projections as 
“ secant conical ” projections is misleading. 

(ii.) Oblique Conical Projection*. Up to the 
present we have supposed the radiating lines 
to correspond to meridians of the spheroid, 
and the concentric circular arcs to its parallels 
of latitude : this is the normal case, and the 
vertex of the cone may then be pictured as 
in the polar axis produced, though bv this 
time we may very well dispense with picturing 
the cone at all. But if the conical projection 
is not normal, the radiating lines from its 
vertex will correspond to radiating great 
circles from a point on the sphere—to speak 
of the spheroid makes dillicullies—and the 
concentric arcs correspond to concentric small 
circles of the sphere about the point. Such 
oblique conical projections have no value, 
except in the particular case when the constant 
of the cone becomes unity, and the cone may 
be pictured as degenerating into the tangent 
plane at the point. This gives the valuable 
series of Zenithal or Azimuthal Projections. 
Zenithal projections may of course be centred 
on the pole (Polar Zenithal), or on the equator, 
but more, generally are centred on some point 
between the two, and called Horizontal. They 
are usually true to scale at the centre, though 
there is no reason why some other small circle 
instead of that at the centre should not be 
made true ; and the radii are divided to give 
true distances from the centre, equal areas, 
or orthomorphism, on the same principles as 
the conical projections from which they may 
be considered derived. The meridians and 
parallels of the sphere are represented by 
complex curves, which are. however, con¬ 
structed without much difficulty by calculat¬ 
ing the distances and hearings from the centre 
of their principal intersections, plotting the 
bearings true, and the distances along the 
radials according to the law of the. projection. 
One zenithal projection may therefore be 
readily converted into another, of different 
properties, by simply modifying the radial 


distances, preserving the bearings from the 
centre. Zenithal projections are much used 
for Atlas maps, but never for maps on a large 
scale, and it is rarely if ever necessary to take 
account, of the cllipticity of the Earth further 
than to use for the radius the geometric mean 
of the radii of curvature at right angles to and 
in the meridian through the centre of the map. 

(iii.) Cylindrical Projections. —If the constant 
of the cone becomes zero, or the vertex is 
supposed to be at infinity, the cone becomes a 
cylinder, which may he thought of as touch¬ 
ing the spheroid along the equator (Normal 
Cylindrical), or along a meridian (Transverse 
Cylindrical), or along some other great circle 
(Oblique Cylindrical), the last being of little 
importance. The distances from the vertex of 
the cone, the radii, all become infinite, and our 
formulae have to he adapted 1 ogive differences 
of radii. Three of the cylindrical projections 
Mercator's, Cassini's, and Lambert’s first 
or the (Jauss Conformal - are among the most 
important of all projections. 

§ (fi) 1 ’:,i i(irm Notation for Formulae 
of Projections, (i.) (Arnica!: /•„ is the 
radius of a single standard parallel of latitude. 
f/> ft or co-latitude y,,. 

r,, r,, are the radii of two standard parallels 
of latitudes </>,, r/o, or co-latitudes y.,. 

r is the radius of any other parallel of 
latitude </> or co-latitude x- 
II is the radius of the Earth reduced to the 
scale of the projection; or if the cllipticity 
,s taken into account, p is the radius of 
curvature in the meridian, and v at right 
angles to the meridian. 

n is the constant of the cone; 

A\ the difference of longitude from the 
central meridian ; 

it the angle a meridian of the projection 
makes with tile central meridian; whence 
0 - n . A\. 

(ii.) Zenithal: r is tin* radial distance from 
the. centre of the projection co; responding to an 
lingular distance ( on the sphere. 

:i is the angular radius of the boundary of 
the map. 

§ (7) Scale Value of a Projection at 
Different Points, (i.) Conical: The scale 
along a meridian is drjpdtft. The scale along 
a parallel is 

rdOjv cos 0 d\ ----- nrju cos 0, 

and then so.de values can ho found very 
easily for any point from the formulae given 
for the radii in the various conical projections, 
it being practically sufficient to put both p 
and v — K in the calculation. 

(ii.) Zenithal: The scale along a radial is 
drjlids and along a parallel small circle is 
r/ It sin C 

Considerations of symmetry show that the 
above found scale values arc maximum and 
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minimum values of the scale values at the 
point. Call them a and b (a>b). Then 
an elementary small circle about the point 
on the Earth is transformed by the pro¬ 
jection into an ellipse with semi-axes a and h. 
Wis ellipse is called the ludicatrix. It is 
easily shown that the maximum deformation 
of angle in the immediate neighbourhood of 
the point is 2m, where sin w ~{a ~b)/(a-\ b). 
The values of a, b , and 2w are often tabulated 
for intervals over the projection, as a criterion 
of its deformation ; and for all orthomorjjbic 
projections 2w —0. Hut (his gives a false 

impression of accuracy. A hotter test of the 
freedom of a projection from serious distortion 
is to calculate from the rectangular co-ordinates 
the distances and hearings between selected 
points far apart on the projection, and compare 
with their true distances and hearings on the i 
sphere. The result of such comparison is | 
by no means in favour of the orthomorpbic 
projections for maps of great extent. 

§ (S) PjM.Ncii’An h;o.iE< tions.- The prin- ' 
cipal projections for maps are described briefly 
in the following paragraphs, arranged alpha¬ 
betically, not systematically. When a projec- : 
turn is of value only for small Atlas maps, 
the Earth is generally taken as spherical; j 
but when necessary the radii of curvature p ; 
and v are used instead of R in the formulae 
which follow : 

(i.) Airy's I'injection by Hal mire of Errors.— 

Invented by Sir George Airy when Astronomer 
Royal (Phil. May., Dee. I NO I ; corrected by 
(.'apt. Clarke. Phil. May., April 1802). A 
zenithal projection on a complicated formula 
constructed to make the “ total misrepresenta¬ 
tion (expressed by tlie integral over the 
surface to hr represented of the sum of squares 
of errors of scale in two orthogonal directions) 
a minimum. The law of the radii depends 
on the spherical radius to be represented. 
The original investigation by Airy was 
erroneous, and although the error was quickly 
pointed out by Clarke, the numerical results of 
Airy are often quoted in text-books. A sm^ll 
example, with centre in lat. 23|° N. and 
spherical radius I13JA is frequent, in atlases: 
but its only serious use is for map of United 
Kingdom bv Ordnance Survey on 10 miles to 
inch, covering area much too small to exhibit j 
the merits of the projection, which is suitable 1 
for hemispheres. 

Formula: ! 

r = 2UM - 1 {cot ?> log see ! (' 

T tan A.i'cot 2 h>g sec , i 

where logs are common, M their modulus, ' 
M 1 -2-30259, and j the spherical ratlins. j 

(ii.) Bonne's Projection, or Projection du j 
Depot de. la (literre. —First used in a rough ! 
form by Ptolemy for bis second projection for j 
World-map; by Bonne (1752); and adopted | 


| by the Depot de la Guerre (1803) for the map 
of France on the scale 1/80,000. Much used 
throughout last century in continental surveys, 
for the O.S. maps of Scotland and Ireland, 
and in atlases. A modification of the simple 
conic, in which all the parallels arc divided 
truly and meridians are curves passed through 
these dividing points. The projection is equal 
area; and scale along and perpendicular to 
parallels (fmt not along meridians) is correct. 
Us great defect is the obliquity of meridians 
to parallels, increasing with distance from 
centre. This proved so disadvantageous for 
artillery work that at the end of the Great 
War the tactical maps of the Allies were all 
being converted to Lambert's Conical Ortho - 
morphic Projection (</.*’.). 

(iii.) Jireusiny'sProjection. A mean between 
l-ho Zenithal Equal Area and Zenithal Ortho- 
niorphic (Stereographio). Its inventor employs 
the geometric mean, with radii given by 

r 2R N Tan Jj* sin 

Hut il. has been shown recently by Young 
that the harmonic mean gives a better result, 
with radii 

r —2R tan 

(iv) Cassini '.s Projection (Transverse Simple 
Cylindrical).— Used by Cesar Francois Cassini 
for the Carte de France, 1745 1793, and by 
the Ordnance Survey for the maps of England 
(Scotland and Ireland are on B«nine's Projec¬ 
tion). Taking a central meridian and lixed 
point on it as origin (for England the meridian 
through the point of the principal triangulatiou 
at Rein mere, Cheshire), the length of the 
spheroidal perpendicular from any point to 
the central meridian, and the length of the 
are of meridian from the origin to the foot 
of this perpendicular, are plotted as rect¬ 
angular co-ordinates. The scale at right angles 
to the central meridian is correct; tin* scale 
parallel to it is too great by a quantity vary¬ 
ing as tlie square of tin; distance from the 
meridian. Hence the projection should not 
he used for a map covering a great extent of 
longitude. 

For spherical Earth the co-ordinates x and 
y are given by 

sin a*--sin A\ cos </>, 
cot (</> 0 4-//) -cos A\ cot < j>, 

</>„ being latitude of origin. For spheroidal 
Earth the expressions for .r and y are compli¬ 
cated, and calculation proceeds by successive 
approximations, or by the expansions in 
series (see The. Mathematical Basis of the 
Ordnance. Maps of the I’.K., Major A. J. 
Wolff, R.S.O.. R.K., Southampton, 1919). 

(v.) ('lories Minimum Error Perspective 
Projection .—About 1800 Colonel A. R. Clarke 
applied Airy’s principle of making total 
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misrepresentation a minimum to the per¬ 
spective projections. If the projection is 
made on the tangent plane from an external 
point distant h\i from the centre of the 
sphere, the radii are given by 


r^K(lih) 


sin f 


h + cos £* 

and h depends upon the spherical radius ft 
of the map for which the total misrepresenta¬ 
tion is to he a minimum. There is no simple 
relation between h and ft, but h has been 
found for various values of ft, and others can 
be obtained bv interpolation. If the plane of 
projection is moved parallel to itself to a 
distance Adi from the centre, the scale at 
the centre is sacrificed, but with advantage 
to the outer zones; fc is substituted for 
unity in the expression for r ; and A - also 
has to be adapted to suit ft. The projection 
is interesting, but scarcely used (see Phil. 
May.* I860). 

(vi.) Conical Projection, Si w pie, with One 
Standard Parallel. —First described by Ptolemy; 
developed on cone touching the sphere along 
the standard parallel. The radius of the 
standard parallel is Ii cot. <p x (or v cot 0 if 
Earth’s elliptieity is regarded). Other parallels 
are concentric circles, their true distances apart. 
The standard parallel is divided truly, and 
points of division joined by straight lines to 
the vertex to make the meridians. Constant 
of the cone n — sin </>. Scale along meridians 
and along standard parallel correct; along 
other parallels too great. Much used in 
atlases, but greatly inferior to the little used 

(vii ) Conical Projection with Two Standard 
Parallel*. —Sometimes called l>v the name of 
I)e l'Isle, but used two centuries earlier bv 
Mercator for map of Europe (1554). Radius 
of standard parallel of latitude <p x (the other 
0 2 ) given by 

r, - v(<p 2 - 0,) cos 0,/(eos 0, - cos 0 2 ). 


standard parallel r 0 - 2R tan and of any 
parallel 2R sec sin \x '■> n cos 2 \xn- Scale 
along the meridian too great on the polar 
side of the standard parallel, and too small 
on the opposite side ; scale along the parallels 
inversely as the scale along meridians. The 
vertex of the projection represents the pole, 
but the whole polar area is included within 
the angle 2r cos 2 4x,». The projection is little 
used, being much inferior to the 

(ix.) Conical Equal Area with Two Standard 
Parallels. —Albers, 1805. The constant of the 
cone w-4(sin 0,+sin 0 S ); the radii of the 
standard parallels are r x = R cos 0,/n and 
r 2 ~ R cos <f>Jn ; the radius of any other 
parallel is given by 

r 2 2R 2 /». (sin <f> x - sin 0) + r x * 

2R 2 ///. fsin </>, - sin 0)4 r 2 2 . 

Outside the standard parallels the scale 
along the parallels is too large and along the 
meridians too small; between the standard 
parallels the opposite. The projection was used 
for the new' edition of the Austrian Staff Map 
on scale 1/750,000, but very rarely in atlases. 
To take account of elliptieity "f the Earth, 
use the product pv of radii of curvature in 
the two directions at centre of map, instead of 
R 2 : this gives an approximate result sufficient 
for Atlas maps. For closer approximation use 
the geocentric instead of the geographical 
co-latitudes. 

(x.) Conical Ortkom orphic. — Lambert’s 
second (1772), frequently known by the name 
of (iauss (1825). If the radii of a conical pro¬ 
jection are given by r - >w(tan Ay)", when n is 
the constant of the cone, and m a scale constant, 
the projection is nrthoinorphic. If n is chosen 
so that the cone is tangent along the standard 
parallel, n cos y„; ami if the scale constant 
is chosen to make the standard parallel its 
true length, m R tan y 0 /(tan Jx«) Hence 

the general expression for the radii is 


This parallel is constructed and divided truly , tan y« cos 

by straight meridians drawn from the vertex. f r ~^(t a nAxoj‘ ^ an X °* 

Constant of the cone is : 


* n ^ (COS 0, - COS 0o)/(0 2 - 0 jl). 

By proper choice of standard parallels various 
conditions may be satisfied ; practically, par¬ 
allels one-seventh whole extent of latitude 
from bounding parallels give a good result. 
Scale along meridians and two standard 
parallels correct.; along other parallels too 
small within and too large without the 
standard parallels. Often improperly called 
the Secant Conic projection. 

(viii.) Conical Equal Aren, with One. Standard 
Parallel . — Lambert’s fifth Projection, 1772. 
The cone on which projection may be con¬ 
sidered as developed is no longer tangent 
along the standard parallel. Radius of 


The scale away from the standard parallel is 
now everywhere too large, and there are pairs 
of parallels north and south of the standard 
parallel, along which it is too large by the 
same amount. Any such pair of parallels is 
connected bv the relation 

n _ b)g sin xi - log sin x 2 _ 

log tan Jxi - log tan \ Xi ’ 

but this does not allow us to find conveniently 
the parallels which will l>e made standard by 
a given reduction in the scale value. If n is 
maintained in its original value, the new 
standard parallels will not lu; quite symmetrical 
with respect to the original standard. But if 
we are content to modify n slightly we choose 
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the two parallels to be made standard, calculate 
n from the above expression, and then the 
Beale value 

R sin xi _ R X z > 

'"»{tan 4xi)“~ M ( tan IXa) M 

To take account of the ellipticity of the 
Earth it is very nearly sufficient to use, instead 
of Xj, Xz> the astronomical co-latitudes, the 
corresponding geocentric co-latitudes, and to 


cuinscribing cylinder, by perpendiculars to the 
axis of the cylinder. Distance of any point 
from the equator - R sin </> (for cylinder touch¬ 
ing equator). A projection of little importance, 
(xiv.) Cylindrical Orthomor phic. Projection 
-Mercator’s (q-v.), if the cylinder touches 
the equator; or Gauss Conformal (q.v.), if 
cylinder is transverse, touching the meridian. 

(xv.) flaws Conformal Projection (Transverse 
Cylindrical Orthomorphie). — Really due to 


replace R by p. Hut mere accurately we have j Lambert: first employed fur the Survey of 

• Hanover, and Intel v for the 

log i'., sin x» ~ 1'>M •'i sin Xi 


log 


[tanks 


,1 -ermxJ 


t" Xi 

~«Ni ^(| +e ^r‘ 

' 1JLV \l~ccmxj \l-ecosxs/ 


v 2 sin x 2 


and 


?• —w(tan lx)" 


’ 1 + C, cos x\ 
,1 “ e X/ 


(See Germain, Trade des projection*, p. 50.) 

This projection, until lately little used, 
became prominent, by its adoption for the 
tactical maps of the Allied armies towards the 
end of the war. Extensive tables were cal¬ 
culated by the French and the Americans 
(for the latter see Special Rubl. U.tt. (’oast and 
Geodetic Survey, Nos. 47, 4D, 53). To secure 
homogeneity in such tables it is necessary to 
work from the rigid theory, with consistent 
values, to eight or nine places of decimals, for 
the fundamental constants in the tigure of the 
Earth : both tables are open to slight criticism 
in this respect. The especial advantage of the 


Hanover, and lately for the 
Survey of Egypt. Described 
by Mr. J. 1. Craig (Surrey 
Department Papers, No. 13, 
Cairo, 1910). Resembles the 
Cassini Projection, slightly 
modified to make it ortho- 
morphio. Complicated in 
theory and not markedly 
superior to simpler projections, 
except, for certain computing 
advantages, arising from its 
orthomorphism, which are 
valuable in precise eadast ral 
survey. Suitable only for country of little 
extent in longitude, as the valley of the Nile. 

(xvi.) (Ilobular Projection. ■— Conventional, 
used only for map of the world in two hemi¬ 
spheres; first bv Nieolosi, 1071; sometimes 
called by name of Arrowsmitb, w ho published 
large map of two hemispheres in 1794. The 
equator, the central meridian, and the circum¬ 
ference of the bounding circle are divided into 
equal parts ; the meridians and parallels are 
ares of circles passing through the points thus 
determined. The projection has no merit 
but simplicity of construction; the zenithal 


projection is its adaptability to co-operation j equidistant or zenithal equal area make better 


between the. Survey battalions and the 
artillery, for calculation of battery zero-lines, 
!reaving pickets, grid-references of batteries 
and targets, etc. 

(xi.) Conrentional Projections. —A name per¬ 
haps originally used for all projections not. per¬ 
spective, and consequently not geometrically 
projections at all ; but now used loosely for 
miscellaneous varieties not included in the 
principal classes nor having any geometrical 
properties of interest, e.y. the Globular. The 
polyconic and Cassini's should not be called 
conventional. 

(xii.) Cylindrical Projection , Simple. .The 

most conventional of all projections: meridians 
and parallels equidistant lines cutting ortho¬ 
gonally, forming squares if the equator is the 
standard parallel, and reel angles if some other 
parallel is standard. Used by early map- 
makers, as Marinus of Tyre, but now of no 
importance except in its transverse form, 
which is Cassini's Projection p/.r.). 

(xiii.) Cylindrical Equal-area Projection.- A 
true geometrical projection of sphere on oir- 


projections for a hemisp 

(xvii.) flnomonic Projection (so called from 
its use in graduating sun-dials) is the perspec¬ 
tive projection from centre of the sphere on 
plane tangent at point chosen for centre of 
map. 1 Radial distance from centre equals 
tangent of angular distance : lienee distortion 
increases quickly away from the centre. . Great 
circles of the sphere project into straight lines ; 
hence charts on the gnomonie projection have 
been constructed to facilitate great-circle 
sailing, but are not. much used, owing to 
enormous distortion of chart covering large 
area. Problems in great-circle sailing are 
solved more readily by calculation. The 
projection is also used for plotting nautical 
plans on scale greater than 1/50,000 (see 
Pc port International Hydrographic Conference. 
London, 1919), and during the war was used 
on charts for direct ion-finding by wireless. A 
gnomonie projection of the world on a circum¬ 
scribed cube has interesting properties, facili¬ 
tating study of great-circle routes (see 11 inks, 
1 Invention ascribed to Thales, a. 548 B.e. 
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Map Project ions, p. 41, and Geotj. Juurrt., .June 
1021). Celestial photographs are on gnomonie 
projection if distortion of objective is negligible. 

Formula: r ■- R tan (*. 

•For geometrical properties v. II. 11. Turner, 
Monthly Notices R.A.ti. lxx. 204. 

(xviii.) International Map Projection. For 
the Cartel nter national v da nwndead millionihne 
the Conference which met in London (1909) 
adopted a modification of the polyconic pro¬ 
posed by M. Charles Lallemnnd. Each sheet 
covers <> J of longitude l»v 4 of latitude. The 
central meridian is made its true length less a 
very small quantity, whose effect will be ex¬ 
plained below. The top and bottom parallels 
are then constructed as in the polyconic pro¬ 
jection, and divided truly. Corresponding 
points on these parallels are joined by straight 
lines to make the meridians, and the. meridians 
are divided each into four equal parts by 
points which deline the intermediate parallels. 
The meridians on each side of the central 
meridian are longer than the central, and the 
shortening of the latter, mentioned above, is 
so chosen that the meridians 2' on each side 
are of their true length. The projection 
differs, then, from the ordinary polyconic in 
the following respects : the meridians are 
straight, instead of being curves ; their 
lengths are slightly diminished ; and they are 
divided equally. Practically the only sensible 
difference is the first, which allows a perfect, 
instead of a rolling fit with adjoining sheets 
east and west. The fit with sheets north and 
south is perfect in either case. Rut the angles 
at the corners are slightly less than right angles, 
and a block of four sheets, two in each row, 
does not make a perfect lit. For tables see 
Resolutions of the International Map Com¬ 
mittee, London, 1901) ; or Jlinks, Map Pro¬ 
jections, p. 114. Tables on the same projection 
for maps on the scale 1/Two Million are in 
Oe.otjraphical Journal ((Jet. 19IS). 

(xix.) Mercator's Projection (Cylindrical 
Orthomorphic). -Constructed empirically by 
Cerard Mercator, and used first in his World 
map of 1509. The theory first investigated 
and tables published by Edward Wright (Cer- 
taine. Errors in Navigation corrected , 1599). The 
logarithmic formula below, first given by Henry 
Bond, 1045. Meridians are parallel straight 
lines cutting the equator orthogonally at dis¬ 
tance apart true to scab*; parallels are straight 
lines parallel to equator at continually increas¬ 
ing separation ; scale value at any point pro¬ 
portional to secant of latitude ; hence the poles 
arc at infinity. Unsuitable for general map 
of world owing to great exaggeration of scale 
north and south. But generally used in 
navigation because, being orthomorphic with 
meridians and parallels orthogonal straight 
lines, the line of equal hearing, constant 


i compass eburse, or loxodromc between any 
two points is a straight, line, and the course 
I is found conveniently by use of parallel ruler 
j and the compass rose engraved on the chart. 
j Distance of parallel lat. 0 from the equator is, 

I in minutes of are : 

7915'. 70b log tan (4 5° 4 !.</>) 

- 3457'. 7(e a sin </> I ^e 4 sin 3 <p), 

where e is the eccentricity of the Earth’s 
; figure. 

Numerous extersivo tables are published ; 
e.y. (lermam. p. 290. 

(x\.) Molhceide's Projection (sometimes 
. called Babinet’s Ilomulographic) is a represent¬ 
ation of the whole sphere in an elliptical figure 
with major axis twice the minor. Described 
by the author in Zach's Monullieke Korre- 
: spondenz , August 1805. Projection is equal 
I area, and much used of late for distribution 
diagrams of the whole world ; but though areas 
' are preserved, the distortion of shape is great. 
To get areas true to desired scale take major 
axis 2 s 2. R and divide equally for equator. 
Meridians are ellipses through these points 
and the extremities of minor axis of figure, 
length S 2.R. Parallel of latitude <(> is at 
distance from equator v 2 . R sin where 
| 0 given by 

7r sin 0 2 it + 2 sin H. 

An interesting transverse Mollweide, con¬ 
structed by Col. Sir Charles Close, is given 
as frontispiece in Hinks’s Map Projections ; 
useful for representation of areas and distribu¬ 
tions in British Empire. 

(xxi.) Orthographic Projection (ill-named, as 
by no means a correct representation), the per¬ 
spective projection on tangent plane by lines 
parallel to diameter through point of contact; 
or centre of projection at infinity. Invention 
ascribed to Hipparchus. Useful in astronomy, 
especially for maps of moon and planets, but 
little used in geography. 

•Formula: r Ksin s'. 

(xxii.) Perspective. Projections. The rela¬ 
tively small class of strictly geometrical pro¬ 
jections oil a tangent plane touching the 
sphere at centre of map, by rays irom a vertex 
in the diameter through this point of contact. 

Vertex at centre of sphere—(Jnomonie. 

Vertex opposite end of diameter—Stereo- 
graphic. * 

Vertex distant from centre I-307R—Sir 
Henry James’s Projection (as corrected by 
Clarke). 

1 Vertex distant from centre 1 -71 E - La Hire’s 
Projection. 

Vertex at infinity—Orthographic, 
i fan-responding to various spherical radii 
1 of surface to lx* represented are positions of 
! vertex giving minimum error of representa- 
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tiou. Tho series comprised in general name 
Clarke’s Minimum Error Perspective Projec¬ 
tion, in which, however, the minimum is 
obtained by bringing the plane of projection 
in from tangency to a parallel position nearer 
the centre. The projections of .lames and 
La Hire are special cases of Clarke’s (<y.r,). 

(xxiii.) Polyconic Project ion.- -Each parallel 
is plotted independently, as if it were the stand¬ 
ard parallel in a simple conic projection, and 
the parallels cut the central meridian orthogon¬ 
ally at their true distances apart. Hence jtbc 
circular parallels have their centres on a 
straight, line, but are not concentric ; they 
diverge from one another on each side of the 
central meridian. The meridians are smooth 
curves passed through the points dividing the 
parallels truly, and are curved, as in the Bonue 
Projection. The polyconic projection is neither 
equal area nor orthomorphic, and it is quite 
unsuitable for maps covering large areas. 
But for a single topographical sheet it. is 
indistinguishable from other projections with 
better theoretical properties: and it has the 
great advantage that as each parallel is 
constructed and divided independently of the 
chosen centre, tables may be calculated to 
serve for the projection of any sheet, w ithout 
further calculation. (See 'rubles for a Poly- 
conie Projection of Maps based upon Clarke's 
Reference Spheroid of 1S66, U.K. Coast and 
(leodetic Survey, Washington, 1SN4, and 
subsequent editions.) Modifications in use 
are the Rectangular Polyconic and the 
Projection of the International Map ( <j.r .). 

(xxiv.) Rectamj(dar Polyconic. Introduced 
ah uit 1858 by Colonel A. K. Clarke of the Ord¬ 
nance Survey. Tho parallels are constructed 
as in the ordinary polyconie. One. is divided 
truly: and meridians are formed by curves 
passing through these points and cutting all the 
parallels orthogonally. May he constructed 
from tables calculated by Major Leonard 
Darwin, It.K., published iiv the War Ollier, 
18110. Recently re-examined by (’apt. 0. 'I' 
Met law, (leneral Staff, w ho proposes a modifica¬ 
tion, making the projection practically ortlm- 
morphie, and is publishing new tables. 

(xxv.) Polyhalric Projection —Much used in 
continental surveys for projection singly of 
topographical sheets, by supposing perpendicu¬ 
lars from points of the spheroidal surface on a 
plane passing through the points marking the 
comers of the sheet. Of no scientific interest, 
and without the convenience attaching to a 
single system of co-ordinates for all sheets 
of a survey. In any single sheet indistinguish¬ 
able from Cassini’s or the polyconie. 

(xxvi.) Re.tro-azimntfml Projection. -A new' 
type devised by Mr. .T. 1. Craig of the Survey 
Department, Egypt, in which the azimuth of 
the centre is correct at any point of the map 
(see Technical Lecture, No. 3, 1908-190!), 


Egyptian Survey Department). Used in map 
constructed to show the true hearing of Mecca 
at any point. Two classes distinguished, the 
first with parallel straight meridians, so that 
azimuth measurable on compass rose ; the 
second with curved meridians, from which 
azimuth at any point liot so easily measur'd. 
The stereographs; is retro-azimuthal in the 
second class. 

(xxvii.) ^Sanson's Projection , or the Sanson- 
Elamstced, used by Sanson (1050) in his atlas, 
and by Flamsteed (1729) for his star maps. 
The particular case of Bonne's Projection in 
which the, equator is the standard parallel, and 
the other parallels straight lines parallel to it 
at their true distances apart. Much used in 
atlases for countries near the equator. Equal 
area: but suffers from obliquity of meridians 
to parallels. Constructed very easily by 
spacing parallels truly and dividing them 
truly, proportional to cos </>. 

(xxviii.) Stcrc.oijruphir Projection (Zenithal 
Orthomorphic) is the perspective projection on 
a tangent plane from the point on the sphere 
diametrically opposite the point of contact. 
Invention ascribed to Hipparchus, 150 iu.\ 
Much employed in geography during sixteenth 
ami seventeenth centuries, but- now little used 
except for solving problems in crystallography. 
Both meridians and parallels project into 
circles, so that'project ion may be constructed 
geometrically, and has been used as a tvpi 
from which to construct, other zenithal projec¬ 
tions by transformation. Rract i.-ally it is 
more convenient, and especially more accurate, 
to construct from plotted rectangular co¬ 
ordinates. Although orthomorphic. the pro¬ 
jection gives had distortion of shape towards 
t he margins of a hemisphere, lienee generally 
abandoned for maps, though important and 
interesting historically, particularly as founda¬ 
tion* of graphical methods of calculation ; 
e.y. the astrolabe. 

Formula : r — 2R tail A('. 

(\\i\.) Tissot's Projections .—In his Mnnoirt 
fair la representation ties surfaces, 1881, M. A. 
Tissot developed from the most general analy¬ 
tical considerations a system of projection in 
which the distortion in angle is of the third 
order only, and the distortion in length of the 
second. In the general form the method does 
not seem to have been used, but it has been 
shown recently that Tissot’s projection is t< 
the third order the same as the stereographie. 
while the projection for a zone is to the sanu 
order equivalent to Lambert’s Conical Ortho 
niorphic. and the projection for a “lime* 
between two meridians is equivalent to the 
(lauss Conformal. Tissot’s work should b( 
taken, therefore, as leading to these projec¬ 
tions as the best, rather than as ptoposinj, 
alternatives. 
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(xxx.) Werner's Projection. —The particular | 
case of Bonne's in which the standard parallel ! 
ia the pole ; the parallels concentric circles 
about the pole, divided truly. Described by 
Werner in a treatise on Ptolemy, 1511 : of 
antiquarian interest only. 

(r\.\xi.) Zenithal Equidistant Projection. — 
Employed in its simple polar form by Glaroanus 
(r. 1510), and in general form first studied by j 
Lambert (1772). Distances from the centre ! 
their true length, and azimuths from the centre 
true. May be considered as special case of ' 
simple conic, generally oblique, with constant ! 
of cone unity, or cone degenerated into the 
tangent plane. Best constructed from tables j 
of distances and azimuths for given differences j 
of latitude and longitude ; c.q. in Hammer, | 
Die (jeoijraphischen wichtUjsten Karlen projek- j 
lionen, Stuttgart, 1889. When plotted to 
true scale at centre the scale at right angles ' 
to the radial becomes rather rapidly too large. 
But it is possible to apply a general scale 
correction, depending on the spherical radius 
of area to be represented, that reduces the 
error of the outer zones, though at the expense 
of the inner, and renders this projection as 
good as any of the zenithal (see A. E. Young, 
Map Projections, lt.G.S. Technical Series, ; 
No. 1). 

(xxxii.) Zenithal Equal-area Projection . —- 
Lambert s sixth, wrongly called Lorgna s. The 
radii, instead of being their true length, are 
calculated from r =-2Ii sin AC, which gives an 
equal-area projection. Easily calculated from 
the tabular distances used in the zenithal 
equidistant-. One of the best projections for 
a large continent, as Asia. A particular case 
of the conical equal area with one standard 
parallel. If it is necessary to take account 
of the Earth's clliptieity one may replace R 
by s!pr, and calculate the radii from the 
spheroidal distances and azimuths. But it 
will rarely be worth while to do so, as the 
projection is used only for Atlas maps. 

§(9) Zenithal OkthomokI’HIc Projection : 
is treated under its particular name of Stereo- 
graphic (q.v.). Interesting as belonging to the 
general group of conical projections, the par¬ 
ticular class of perspective projections, and 
the group included under general name of , 
Lagrange’s Circular Orthomorphic. 

Projections in I’se. - Of the above principal 
projections, many are scarcely used. In 
atlases we lind chiefly simple conic and 
Bonne, zenithal equidistant or equal area, 
and Sanson. In the larger scale maps of ■ 
topographical surveys Bonne is most widely j 
used, the polyconic is the most convenient, i 
while Cassini, the “ Gauss Conformal,” and ’ 
Lambert's Conical Orthomorphic have each J 
important advantages where area to be 
covered is not too large to allow of a single j 
projection for the whole. Mercator’s Projec- I 


tion should bo confined to marine charts, or 
a narrow belt along the equator. 

If a choice of projection has to be made, the 
following will serve : 

For a hemisphere: Airy’s Projection by 
Balance of Errors, or Clarke’s Minimum 
Error Perspective. 

For a continent N. or 8. of equator : Zenithal 
Equidistant or Zenithal Equal-area. 

For a continent cut by the equator: Sanson 
is good and easy to draw. 

For Atlas maps «»f smaller areas: Conic 
with two standard parallels. 

For extensive topographical map on small 
scale : Polyconic, Rectangular Polyconic, 
or Projection of the International Map. 
For a topographical series on large scale: 
Polyconic if plotted independently ; Lam¬ 
bert's Conical Orthomorphic, or Gauss 
Conformal, for series on a single projection, 
the former if extent E. and W., the latter 
if extent N. and S. 

Taui.es for Projections 

Thu most general are 'fables for a Polyconic 
Projector of Maps, United States Coast and 
Ueodetic Survey, Special Publication, No. 5. 
figure : Clarke’s Spheroid of IS til 5. 

Tables lor Maps on scales I, 125,000 and 1/250,000 
between latitudes IP and HO 1 , and lengths in feet of 
second of are of meridian and parallel are given in 
Close, Text-hook of Topographical Surreyiny, 11.M. 
Stationery Ottice, 11)13. Figure : Clarke's Spheroid 
of 1858. 

Similar Tables from equator tc 10' N. in Auxiliary 
Tables, Survey of India, Dchra Dun. Figure: 
Everest, 1830. 

Tables for Lambert’s Conical Orthomorphic 
Projection : For the Western Front,. Paris, Service 
i/roi/raphitpte do I'armfe (lithographed and not 
published)'—Figure, Plessis. modified by Puissant; 
or C.S. Coast, and Ceodetie Survory, Special Publ. 
•17 Figure, Clarke, 180(5. 

For the United States : Special Publication, 52. 

Principal Works on Projections 

(iermain, A. : Trait# des projections des cartes 
(t<!o(iraphi<iues, Paris, Bertrand (c. 18(50). Out of 
print. 

Lambert, .1. H. : Anmerknngen and Zusiiize zur 
Entweifung dcr Land- and 11 ihoncfscharten, 1772. 
Reprinted in Ostwald’s KUmiker drr exarten Wissen • 
scf often, No. 51. 

Fiorini, M. : he projezioni de/lc carte geografiche , 
Bologna, 1881 . 

Tissot, A. : M# moire stir la representation des sur¬ 
faces ctles projections des cartes yeographiques, Paris, 
1881. 

Craig, J. I. : The Tlteoru of Map Projections, 
Survey Department. Paper No. 13, Cairo, 1010. 

The above are severely mathematical : an element¬ 
ary book is 

Hinks, A. R. * Map Projections, Cambridge 
University Press, 1012. Second edition in the press. 

A valuable work, with many new and interesting 
developments, is 

Young, A. K. : Map Projections, 11.0.8. Technical 
Series, No. 1, 1920. 

A. R. IT. 


Marvin Sunshine-recorder. Sop “ Radiant 
Heat and its Spectrum Distribution,” § (4). 
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Mass. Muasukr of. (i.) Metric. —The Inter- 
national prototype kilogramme, is the mass 
of a cylinder of platinum-iridium, which 
is a copy of the original Borda kilogramme 
— tile kilogramme des archive. *; this was 
intended to he equal to the mass of a cubic 
decimetre of pure water at its maximum 
density. 

(ii.) lirilish. —The Imperial .standard pound 
is the weight in vacuo of a platinum cylinder, 
(iii.) Equivalents. — 

(a) Metric Units. * 

Kilogramme . . 1 kg. — 2-204(5223 lbB. 

Gramme . . . 1 g. - 15-432350 gr. 

Metric tonne . .It. — 100( 1 kg. 

— 2204 -022 I ha. 

= 0-0842 ton. 

(It) British Units. 

found ... I II). — 453-50243 g. 

Olmec (avoir.) . 1 oz. — 28-3495 g. 

Ounce (troy and 

apothecary) . 1 oz. ~ 31-10348 g. 

Grain . ’. . 1 gr. - 0-00479892 g. 

Ton . . . 1 ton -•-* 1-010047... 10 6 g. 

See “ Measurement, Units of,” Vol. T. 

Master ( J Art! k : definition of. Sec “Metro- 
logy,” § (lit). 

Maximum Thermometer. See '‘Meteoro¬ 
logical Instruments,” § (7) (ii.). 

Measurem ent : 

Methods of, applied to instruments. See 
“ Instruments, Design of Scientific,” § (2). 
Units of, in Meteorology. See “ Atmo¬ 
sphere, Thermodynamics of the,” § (2). 
Measurement of Volumes of Gases. See 
“ Volume, Measurements of,” £ (22). 
Measurers and Indicators, functions of, 
as used for metrological observations. See 
“ Metrology,” t? (32) (i.). 

Mi casioum: Flasks : 

Construction and tolerances. Nee “ Volume, 
Measurements of.” § (12). 

Testing of. See ibid. § (13). 

Measurin'!! Glasses, Graduated. Se. 

“ Volume, Measurements of.” $ (20). 
Measuring Instruments used in Work¬ 
shop : external micrometer calipers. See 
“ Gauges,” § (85). 

Measuring Machines: 

“Armstrong Whitworth” type. See 
“ Gauges,” § (71). • 

Cambridge Scientific Instrument Company's 
microscope type for screw gauges. See ! 
ibid, § (34). 

For comparison of standard gauges, general ! 

principles. See ibid. § (M). 

For effective arid core, diameters of plug | 
screws. See ibid. $ (23). 

For pitch of ring screw gauges. See ibid. 

§ ( 25 ). 


Hartmann automatic comparator. See 
ibid. § (70). 

Herbert ” microscope machine. Sec ibid. 

§ ( 35 ). 

National Physical Laboratory type. See 
ibid, § (77). 

“ Newall ” type. See ibid, § (72). * 

“ Pratt and Whitney ” type. Sec ibid. 
§ (73)* 

“ Reid ” type. See ibid. § (78). 

“ Shaw ” type. See ibid. § (75). 

“ Shaw ” tyjic for screw gauges. See ibid. 
§(31). 

“ Societc Gencvoise ” type. Sec ibid. § (74). 
Tests on. See ibid. § (79). 

Types for end-gauges. Sec ibid. Section V. 
Types for measuring pitch of screws. See 
ibid. § (24) (A). 

M endeleeff’s Work on Alcohol. Sec 
“ Aleoholometry,” § (4). 

M krce d ks - Fqklid M a cm n e. See “ Cal - 
dilating Machines,” § (10) (i,). 

Mercurv, Density of, in grin, per o.e., 
tabulated. See “ Balances,” Table HI. 
Meteorograph : a self-recording instrument 
giving a record of two or more of the 
ordinary meteorological elements. For kite 
balloon see “ Meteorological Instruments,” 
§ (3b). 

Meteorographs, as used for the investigation 
of the upper air. See “ Air, Investigations 
of Upper,” § (8), etc. 

METEOROLOGICAL INSTRUMENTS 

Instruments for measuring the pressure of 
the air are described under the article “ Baro¬ 
meters,” to which reference should bo made. 

The following article includes instruments 
for the measurement of 

II. Temperature, 1 

III. Precipitation, 

IV. Wind Velocity and Direction, 

V. Sunshine, 2 

VI. Solar Radiation, 2 

VII. Clouds, and 

VIII. Instruments for use in Aircraft. 3 

I. General Remarks 
§ (1) Desirable Characteristics. — The 
fundamental characteristics of good meteoro¬ 
logical instruments in general are the following, 
arranged in order of importance : 

(1) Accuracy. 

(2) Reliability, i.e. little tendency to 

change in accuracy. 

1 See also “ ThermometryVol. 1. 

3 See also“ Radiation”; “ Radiation. The Measure¬ 
ment of Solar, etc," ; " Radiant Heat, and its Spec¬ 
trum Distribution,” Vol. IV. 

J “ Instruments used in Aircraft,” Vol. V. 
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(If) Simj>liHtv of design. 

d) Ease of reading an<l of manipulation. 

(5) Strength of const motion. 

(0) Durability. 

(7) Low cost of maintenance. 

(S) Low initial cost. 

The <lcsirahilit v of t hose qualities needs 
only to he stated to he appreciated, hut it. is 
necessary to add some remarks on the need for 
simplicity of design. 

5} (2) Simplicity ok Dksic.n. —ft. has to he 
borne in mind that most meteorological 
instruments are to he maintained in con¬ 
tinuous operation, and ihat. the majority of 
them are either wholly or partially exposed 
to the weather. Further, amateur observers, 
to whose work the science is much indebted, 
must always form the great majority of 
contributors to the whole stock of observa¬ 
tional data, and most of them are not trained 
physicists or skilled mechanics. Consequently 
excessively fragile or non-dura hie instruments 
and highly complicated instruments are suit¬ 
able only for use at observatories or other 
places where the necessary skilled attention 
can he continuously devoted to them. Snores 
of designs for meteorological instruments, 
which have functioned satisfactorily in the 
laboratory, have come to nothing because 
they are unsuitable for the conditions under 
which they must he used. Especially dot's 
this apply to self-recording instruments, in 
the design of which simplicity should be 
constantly aimed at. Every recording meteoro¬ 
logical instrument, except the Camphcll- 
Stokes or Jordan sunshine recorder, necessarily 
contains a clock, and the object of the designer 
should he to reduee all other moving parts to 
a minimum. 

§ (J) Smi.f - ukcoudinc, Twstiu'Mkxts. - 
There are two further necessary characteristics 
of a self-recordin'/ instrument, viz. : 

(9) Minimum 

parts. 

(10) Provision of adequate control. 

(i.) Fiicfion ,—In condition (9) is included 
the friction between the writing-pen, if any, 
and the paper, as well as that in the hearings 
of the instrument ; indeed, the former is 
often much the more important of the two. 
It can only he reduced by adjusting the 
pressure of the pen on the paper to the lowest 
possible amount, taking care at the same time 
that the pen is quite clean and in good condi¬ 
tion. 

The fact is that provision must lx- made for 
adjusting the pressure of pen on paper; tint- if must 
he confessed that, oeeusiomdly, the adjustment is 
misused, for it is far easier to apply more pressure 
than to clean, adjust, or change a pen which refust s 
to write*, and it is not always realised by flic operator 
that the resulting record may he practically valueless. 


| Designers have often felt this iliO'ienlty and have 
: sought, to avoid it by providing some system of 
[ recording other than that of a simple pen, carrying 
ink. Tlu* most elegant, of these methods is tho 
photographic method, which will he exemplified 
later on. In this ease the “ pen ’’ is really a narrow 
pencil of light which is accurately focussed upon 
bromide paper which receives the record. Pen 
friction is entirely absent, hut there are three dis¬ 
advantages : 

('/) The record is not visible until the sheet has 
b<*en removed and developed. 

(f.) The recording norlion of the instrument must 
lie kept in a dark room. 

(<•} Tho initial cost, and (more serious) the cost of 
maintenance is high. 

Another system of recording which may he 
mentioned is that in which the indicating 
arm of the instrument is only brought into 
contact with the paper at delinite and regular 
intervals (say one minute). A typewriter- 
ribbon is usually interposed between the arm 
and the paper, and the armature of an electro¬ 
magnet forces the arm upon the ribbon at 
instants which are separated by the chosen 
interval. The resulting record consists of a 
chain of dots. 

(ii.) (.'onlml. —Condition (10) is often cx- 
cmplitied in large aneroidograjdis in which the 
scale value of the pressure scale is two, three, 
or more times that of the scale of a mercury 
barometer. The v " control ” is provided by 
a pile of aneroid boxes, and sometimes the 
magnification of (he motion of the moving 
end of the pile, by the levers of i he instrument, 
is so great that the ‘“control 1 ' at the pen 
(which is less than the control at. the moving 
end of tin* pile divided by tin* magnification) 
is msullieient to overcome friction of pen on 
paper, and a ” steppy " record results. 

II. [SSTUI'M F.N'TS KOU MKASIUUNCS TIIK 

Tkmi’f.ratuuf. 1 of Tin: Air 


§ (1) I Mi KLIM in' ary. —The accurate rneusure- 
of friction between moving mel t of the temperature of the air in the open 
; is one of the most, difficult of all meteorological 
measurements, for it is so readily affected by 
1 effects of radiation. Radiation from tho sun, 
the clouds, the sky, tin* ground, and surround¬ 
ing objects passes in straight, lines through 
the air without appreciably affecting its 
temperature, for air is very transparent to 
radiant heat, especially if it is dry. But. the 
instrument that is used to measure the tem¬ 
perature of the >.ir is some kind of thermometer, 
and is made of material which intercepts 
: radiant heat to ail appreciable extent. In 
! consequence the reading of the instrument 
• may differ from that corresponding with true 
air temperature by any amount up to f>0° F., 
\ or even more. Such differences depend partly 
t upon the nature of the thermometer, partly 
. upon the amounts of the different, kinds of 
1 See also “ ThermometryVol. 1. 
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radiation experienced, and partly upon tho 1 
wind velocity and other extraneous factors. [ 
The reading of a thermometer freely exposed \ 
in the opeji may thus hear no determinable j 
relation to the temperature of the particles j 
►f air in which it is placed. 

§ (o) Tu ekmomkt I'jii Son cions. It is there- I 
fore usual to provide some form of thermo- « 
meter shelter, or “ screen,” which will serve 
to support the thermometers and to protect 
them from the weather and accidental damage, 
and at the same, time shield them from radia- 
Lion, without, impairing the free passage of 
air over the bulbs of the thermometers. Many 
types of screen have been devised, and several 
types are in actual use in different countries. , 
It will, therefore, he convenient to consider 
lirst what are the properties of an ideal 
thermometer screen, and subsequently to 
Ir;tee how far these properties are exemplified 
in screens which are in use. 

(i.) .hi l/inil Srrvi:n.- Ideal thermometer 
screens could probably he debited in more 
than one way, hut. it seems that, the following 
characteristics, if realisable, would satisfy the 

necessary conditions : 

(1) The screen should he a “uniform tem¬ 
perature enclosure. ” 

(2) The temperature of the inner walls of 
the “enclosure” should he the same as that 
of the external air. 

(It) The “enclosure” should completely 
surround the thermometers. 

(I) The “ enclosin': ” should he impervious 
to radiant heat. 

These conditions are sullicient to ensure 
that the temperature of the thermometers 
is the same as that of the inner walls of the 
screen, and therefore, by hypothesis, the same 
as that of the external air. 

Of these conditions the third and fourth 
ate easy of attainment, hut tin* lirst and 
second are- dillicult. It- is usual to provide 
an approximation to conditions (l) and (2) 
by (u) constructing the screen of non-conduct¬ 
ing material, such as wood or straw; (b f 
providing the screen with double walls, with 
ample, air circulation about, them ; and (»•) 
painting the screen white so as to retied as 
much radiation as possible. The outer wall 
of the screen may become heated to a con¬ 
siderably higher temperature than the air, 
on a day of strong sunshine, hut in consequence 
of the non-conducting layer o^ air between 
the outer and inner walls, the temperature 
of the inner wall will not dilTcr greatly from 
that of the air. The difference will he reduced 
if there is appreciable wind, when this inter¬ 
vening layer of air is constantly being changed, 
and has no time to acquire hy conduction 
and convection the temperature of the outer 
wall and pass it on by the same agencies to 
the inner wall. 


The four conditions given above do not 
include provision for free circulation of air 
inside the screen, hut this is always provided 
in practice, partly to assist, in realising condi¬ 
tions (1) and (2), as just explained, and partly 
in order that rapid changes of air temperature 
may he immediately communicated by con¬ 
vection to the thermometers. The process 
of radiatiofi exchange between the thermo¬ 
meters and the inner walls of the “ enclosure ” 
requires some time for the. adjustment, of 
temperature as between walls and thermo- 
miters, following on a change of temperature 
of the waifs, so that, in the absence of wind 
circulation inside the “enclosure,” an ap¬ 
preciable time-lag would he introduced between 
corresponding temperature changes in the air 
and in the thermometers. On days <»f strong 
solar radial ion, however, it is evident that 
the free circulation, inside the screen, of air 
which has passed over the heated outer walls 
of the screen will cause the thermometers to 
read too high. The omission of provision, for 
free circulation would, however, in that ease 
give much more erroneous results. For the 
temperature of the inner walls would rise to 
that of the outer walls (supposed thin) of the 
screen, and the readings of the contained 
thermometers would therefore approximate 
closely to that of the outer walls. Should, 
however, the outer walls he made of thick 
non-conducting material, tin; temperature ol 
the inner walls, and therefore of the contained 
thermometers, would, in the absence of 
circulation, tend !<• remain constant, and would 
fail entirely to respond to the air temperature 
outside. 

By way <>f illustration of these remarks it. 
is a matter of common experience that the 
air inside an ordinary stone or brick house, 
of wlijch the doors and windows are kept 
closed, remains at an equable and com¬ 
paratively low temperature throughout the 
hottest day, the walls serving to prevent 
passage of heat from the outside to the inside. 

, The opening of a window, however, is sufficient 
1 t<» raise tie' temperature quickly, and* if the 
window is on tin* sunny side of the house 
it will probably admit air which has been 
heated by contact with the outer surface of 
tlie wall. On the other hand, the temperature 
inside a hut with thill walls would, on the same 
occasion, he raised to a high value, far above 
that of the external air, if the hut were kept 
closed. In this case, relief would he obtained 
1 hy opening doors and windows, thus iutro- 
I during cooler air from outside. 

We thus arrive at the conclusion that, on 
! occasions of strong sunshine, the combination 
I of a non-conducting shelter, and a free eireula- 
! tion, inside the shelter, of air which has not 
i been heated by conduction from the walls 
i of the shelter is likely to give, inside the 
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shelter, a good approximation to the true air 
temperature. If the shelter wore also made to 
protect the thermometers inside from being 
wetted by precipitation it would be satis¬ 
factory on all other occasions, but the non¬ 
conducting material would not then bo an 
urgent necessity. 

We proceed to trace the application of 
these ideas to types of thermometer screens 
which are in use. 

(ii.) Wall Screen. —One <>f the earliest types 
of screen used in this country is the “ wall 
screen "—a wooden thermometer shelter which 
is arranged for suspension on a wall facing 
north. It consists merely of -a wooden back 
with a narrow roof projecting forwards and 
slanting downwards from the upper edge of 
the back. The thermometers are suspended 
upon the wooden back, and the roof protects 
them from most of the precipitation which 
occurs. 

Such a screen is unsatisfactory for the 
following reasons : 

(a) The thermometers arc not adequately 
protected from precipitation which falls with 
northerly winds. 

(b) In summer the sun shines directly upon 
the thermometers in the early morning and 
late evening. 

(e) Solar radiation reflected from surround¬ 
ing objects raises unduly the temperature of 
the thermometers during the day time. 

(fl) The thermometers are influenced to 
some extent by their close proximity to the 
wall. 

(iii.) (Haisher Screen. —This is a wooden 
structure with a roof which slopes towards 
the south, and with single - louvred walls 
on the east, south, and west sides of the 
screen. The bottom and the north side are 
open, and the thermometers are suspended 
within the screen in such a way that direct 
solar radiation never falls upon them. The. 
screen is supported upon a strong wooden 
stand about (> feet above the ground, and it 
is exposed on an open site as far as possible 
from buildings or trees. This screen gives 
temperatures which are too high on sunny 
days, on account of the indirect radiation 
which reaches the thermometers through the 
open bottom and north side. On the other 
hand, the minimum temperatures which are 
registered are too low on clear nights for a 
similar reason. 

(iv.) Marina Screen. — In the screens de¬ 
scribed above it is usual to expose four thermo¬ 
meters, viz. dry-bulb, wet-bulb, maximum 
thermometer, and minimum thermometer; 
these being the usual equipment of a climato¬ 
logical station for observations of air tem¬ 
perature. and humidity. 

At sea, self-registering thermometers (maxi¬ 
mum and minimum) cannot bo used because 


of the motion of the ship, so that the dry 
and wet bulbs are t he only thermometers which 
require to he sheltered. The wooden screen 
which is used is therefore a small one, 10 
inches high, 5 inches deep, arid 7 inches wide, 
with panels of single louvres in the sides, 
bottom, and door (in front), and solid roof 
and back. It is fixed on deck against a bulk¬ 
head or other suitable support, in a position 
which is protected from spray as far as 
possible, and where hot air from funnels, etc., 
does not spoil the exposure. 

(v.) Stevenson Screen.- This is the standard 
screen in use in the British Isles, and is 
illustrated in Fig. I. It was designed by 



Thomas Stevenson, 1 O.E., of Edinburgh, in 
1806, and has since been slightly modified in 
detail. It is a wooden box, with double roof, 
and doubly louvred sides, supported on a 
wooden stand so that the thermometers are 
about 4 feet above the ground. One of the 
louvred sides is mounted on binges along its 
lower edge, and acts as a door to give access 
to the thermometers, which are mounted on 
vertical wooden supports in the middle of 
the screen. The outer roof slopes down from 
front to back. The inner roof is separated 
fron. the outer by an inch or two ; it is hori¬ 
zontal, and is drilled with a number of ventilat¬ 
ing holes. The clear internal dimensions of 
the screen are 18 inches long, 11 inches wide, 
15 inches high. This size accommodates 
comfortably the dry- and wet-bulb thermo¬ 
meters, and the maximum and minimum 
1 Journ. Scott. Met.. Soe., 1800, i. 122. 
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thermometers. A Hereon twice an long ns 
the standard screen is in use at several ollieial 
stations, to accommodate a thermograph and 
hair hygrograph in addition to the thermo¬ 
meters. The screen is set. up so that the door 
faces due north, or slightly cast of north, so 
as to ensure that direct solar radiation does 
not fall on the thermometers when the door 
is opened at the hours of observation. 

Numerous experiments have, been made in 
different countries to determine how closely 
the readings of the thermometers approximate 
to the true temperature of the external air, 
from which it appears that during calm, 
hot, sunny days the temperature inside the 
screen may be 2° or J’ F. above the true 
value, and during calm c 
temperature inside the 
screen may be as much as 
a degree below the true 
value. These results arise 
from radiation effects upon 
the screen itself, which arc 
partially communicated to 
the thermometers inside by 
the processes which have 
already been explained. 

(vi.) Tropical Screens .— 

Owing to the intense solar 
radiation experienced in the. 
tropics, it has been held for 
a long t ime that the ordinary 
Stevenson screen is unsuit¬ 
able for use in low lati¬ 
tudes. The approved ar¬ 
rangement consists of a hut 
with open sides and a 
thatched roof sloping up¬ 
wards from low eaves to a 
point in the middle of the 
roof. In the middle of the 
hut, and lixed at a height 
of about 4 feet above the 


consists in surrounding the hull) of the thermo¬ 
meter by a coaxial thill-metal tube heavily 
nickel-plated, which is protected by a larger 
coaxial tube similarly nickel - plated. A 
current of air is drawn by a fan through tho 
inner tube and past the thermometer bujb, 
the velocity of the current being not less than 
2 metres per second. Such an arrangement, 
can he use<4 in strong sunshine without being 
affected hy radiation, but, of course, it is 
desirable to avoid unnecessary exposure to 
direct sunshine. This arrangement has been 
standardised to give an instrument which 
will indicate true temperatures of both dry 
and wet bulbs, which is known as the Assmaim 
psyehrometer (see Fiij. 2a). 
Further particulars about 
this instrument, and of the 
method of use, will he 
found in the article on 

" Humidity." 1 
§(7) Tukkmomktkks i ok 

M 1ST KOI! O 1,0 0 I (*AI, 1*1 K- 
I’osns. (i.) J)n/- uml ll’cf- 
bulb T her mounters .' 1 - The 
thermometers used in this 
country for eye readings 
of temperature (dry bulb) 
in the Stevenson screen 
are mercurial thermometers 
with spherical bulbs of Jena, 
or other suitable glass, 
graduated in Fahrenheit, 
degrees from 15" F. to 
■ 115 1’. Thcyarc mounted 
on porcelain 
mounts upon 
which every 
whole ten de¬ 
grees is plainly 
figured. The 
scale is not 
lesscontracted 



ground, is a wire cage containing the thermo- I 
meters. The cage acts merely as a support 
and as a guard against, accidental damage to» : 
the thermometers : the whole of the screening j 
is performed hy the thatch. 

Jt seems reasonable to expect, however, | 
that the thermometers inside the cage will j 
he affected by indirect radiation from the j 
hot ground outside the hut ; and, indeed, it j 
is understood that recent experiments in India : 
have suggested that the use of*a Stevenson | 
screen for observations of air temperature in j 
India gives values which are more relRible than 
those from the orthodox thatched hut. 

There are several other types of screen in j 
uhc in different countries, hut they «l<> not 
differ so markedly from the tyjR's described 
above as to require detailed particulars. 

§ ((>) The Asmmann P.syciikometkk.T he 
standard method of measuring air temperature 


than 18° F. to the inch. The thermometer 
must pass the Class P test of the National 
Physical Laboratory, for which the errors 
must not in general exceed 0-2° F. 

The wet bulb is an exactly similar thermo¬ 
meter, over the bulb of which is stretched 
tightly a thin covering of nainsook, which 
is kept moist by a few strands of cotton- 
wick attached to the bulb, and dipping into 
a small vessel containing pure water (see 

Fit?- -)- 

(ii.) Maximum Thcrmomctcr.—'Yhi' standard 
maximum thermometer is a mercurial ther¬ 
mometer very similar to that just described, 
except 

(a) The range is 0° F. to 1H0° F. 

{b) The porcelain mount is supported upon 
a mahogany frame, with a metal guard at 

1 See “ Humidify." ^ (7), (9). 

* See " Humidity,” ii (4). 
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one eiul to protect, the bnlh, which projects 
from the mount, from injury. 

{<•) There is a line constriction or other, 
equivalent arrangement at a point in the bore 
of the stem, near the bull), which otters con¬ 
siderably more resistance to the How of mercury 
than the remainder of the Imre. When tem¬ 
perature is rising, and the column of mercury 
in the thermometer is continuous, frhe mercury 
is forced past the constriction and the end 
of the column registers correctly the prevail¬ 
ing temperature ; but when temperature falls, 
the mercury column breaks at tin* constriction 
as soon as the mercury in the hull) contracts, 
but the further end of the column remains 
at a point corresponding with the highest 
temperature attained, for the contraction of 
the detached column itself due to the fall of 
temperature is quite inappreciable for meteoro¬ 
logical purposes. The thermometer therefore 
always indicates the highest temperature to 
uhicli it has been subjected, since it was last 
“ set." Setting is performed by holding the 
instrument by the end of the wooden mount 
remote from tin* bulb, and vigorously swinging 
it at arm's length so as to drive tin* mercury 
by centrifugal force past the constriction and 
into (lie hull), until llie whoh* volume of 
mercury is continuous again. A well-made 
maximum thermometer is a very satisfactory 
instrument and seldom gets out of order. It 
is usual to support the tube of the thermometer 
in a nearly horizontal position in the screen, 
with a slit/Id slope downwards towards the 
bulb. 

(iii.) Minimum T/n:i'ninmcter .—The standard 
minimum thermometer is very similar in form 
to the maximum thermometer, but the liquid 
used in the thermometer is uncoloured alcohol, 
and the range of graduation is li<> F. to 
110 F. 'There is no constriction in t^ic bore 
of the tube, hut a black or dark blue glass 
index in the form <»f a long dumb-bell is in¬ 
serted in the bore, and is normally completely 
immersed in the alcohol. The tube being 
supported horizontally, the How of alcohol 
produced by a rise of temperature passes the 
index without moving it. Likewise the return 
of the alcohol towards the bulb due to a fall 
of temperature has no oiled upon tho index 
until the end of the column reaches the end 
of the index, when, in consequence of the 
surface tension at the free surface of the 
alcohol, any further decrease of temperature 
results in the withdrawal of the index towards 
the hull), the further end being always at 
the end of the alcohol column so long as 
temperature continues to fall. 

The thermometer is read by noting the 
graduation on the scale which corresponds 
with the end of the index further from the 
bull); this reading will he the lowest tempera¬ 
ture attained since the instrument was last set. 


I 'The necessity of placing a glass index in 
| the bore of the tube requires the use of a 
: considerably wider capillary for the stem of 
the thermometer than is needed for the maxi- 
: mum or the dry- and wet-bulb thermometers. 
Tin* openness of the scale is, however, the 
same, for, on the other hand, the coefficient 
. of expansion of alcohol is nearly six times 
| that of mercury. 'The increase in bore is 
therefore compensated to a considerable extent 
by the increased coefficient of expansion, 
lift' result being that the bulb of the minimum 
thermometer is not markedly different in 
size from that of a maximum thermometer; 
generally the former is slightly the larger. 
Minimum thermometers are usually Jess 
sensitive to change of temperature than 
mercurial thermometers. 

'The chief defect of the minimum thermo¬ 
meter consists in the great tendency of the 
alcohol to evaporate from the end of the 
column and to condense at the further cud 
of the tube, where it may form a bubble of 
liquid equivalent in length to '.V or 4" F. of 
temperature on the thermometer scale. It is 
evident that this will cause the thermometer 
to read too low by an equal amount, resulting 
in the registration of correspondingly erroneous 
minimum temperatures. 'This tendency ap¬ 
pears to he most marked on days of consider¬ 
able range of temperature. Kven if a bubble 
is not actually produced, a very thin film of 
alcohol is liable to be formed upon the internal 
walls of that part of the tube which is not 
occupied by the '- 01111)111 of spirit, and this 
may introduce an error of nearly l F. in the 
reading. Mercury, being a non-volatile liquid 
which does not “ wet " glass, is much t*> be 
preferred on that account for use in thermo¬ 
meters. 

It is the practice among thermometer 
makers to seal alcohol minimum thermometers 
while their bulbs are immersed in a freezing 
mixture. In this way as much air as possible 
is included in the thermometer, for it is found 
•that this air appreciably diminishes the 
diffusion of alcohol vapour along the tube, 
and therefore tends to reduce the defect. 
A mercurial thermometer is. on the other 
hand, usually sealed when th bore of the 
lube is tilled with mercury, that is, when the 
thermometer has attained the maximum 
temperature which, when sealed, it can 
withstand with safety. At lower temperatures 
therefore there is a vacuum in the tube above 
the mercury column. Thus, at moderate 
temperatures the pressure inside a mercurial 
thermometer is less than atmospheric, while 
that inside an alcohol thermometer is greater 
than atmospheric. F. .1. \V. Whipple has 
suggested that the excess of pressure inside 
a spirit thermometer may in course of time 
slightly distend the hull) of the thermometer, 
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causing it to read too low. This would explain 
the circumstance that l hose thermometers 
are inelined to develop errors wliieh require 
the application of positive corrections, even 
when care is taken that all the spirit in the 
thermometer is continuous in the column, 
and not condensed upon the walls of the tube 
above the column. 

The minimum thermometer is placed in 
the screen with its stem horizontal, and 
it is “ set " daily by removing it and 
holding it bulb upwards, whin the index 
descends by gravity until its further end 
coincides with the free end of the alcohol 
column. 

§ (S) Akkanukmbnt ok tiik Tukkmomktkks 
in'siuk tiik Si’KKKN.—As explained above, it 
is usual to place four thermometers inside a 
Stevenson screen, viz. dry-bull), wet-bulb. 


| graphs, which may he classified thus, according 
to the type of thermometer used : 

* (i.) Mercury thermometer: • 

(1) Photographic registration. 

(2) Mechanical registration. 

(,i.) Hiim.'tall'u: tl.or.nonu tet | M ,. ( . haIlj( . lri 
(iii.) ii'iimiun tulie j Oration, 

(iv.) Resistance thermometer J 

(i.) Mercurial Ihermaijr fifths, with photo¬ 
graphic registration, have been in continuous 
i operation at Meteorological Oftice observa¬ 
tories since 18<)7, and are now in use at Kew, 
lOskdalem wir, AVierdeen, and Valencia ob- 
; servatories. Each thermograph comprises two 
1 thermometers, one acting as a dry bulb, the 
’ other as a wet bull). f l he glass tubes of the 
thermometers are bent twice at right angles 
to (mablc the bulbs to he exposed outside the 


maximum, and minimum thermometers. The 
lirst two thermometers are read with the 
stems vertical, while the last two are read with 
the stems horizontal. It is necessary to 
remove tin* lirst two from the screen only 
occasionally, whereas the maximum and 
minimum thermometers have to he removed 
daily for setting, (‘onscquently the usual 
arrangement of the thermometers in the 
screen is to fix the dry and wet bulbs side 
by side towards the back of the screen, and 
to hang the maximum and minimum thermo¬ 
meters upon two vertical wooden battens 
fixed in the screen, forward and also to the 
side of the dry and wvt bulbs, the maximum 
thermometer being near the top and the 
minimum near the bottom oi the screen. In 
this way the scales of the dry and wet bulbs, 
between about 30 F. and SO F.. which is 
the portion most frequently required, fall 
between the mounts of the maximum and 
minimum thermometers, and are readily 
visible on opening the door of the screen. 
No dillieulty in reading these thermometers, 
between these limits, without introducing 
errors of parallax, is experienced. 

§ (0) 'I’ll Kll.MlX.iK AI’HS, <>K SeLK-KK<‘OKI>I NO 
Th kkmomktkus. - A thermograph is an instru¬ 
ment which automatically records tempera¬ 
ture as a function of time. The sheet of paper 
upon which the record is obtained is wrapped 
around a metal .cylinder, with axis vertical, 
which is caused to’rotate unitormly by means 
of suitable clockwork. Some arrangement is 
provided whereby either a jxm or a spot of 
light, which moves vertically up and down 
in response to changes of temperatme, is 
caused to touch the paper*and leave upon it 
a permanent impression. In this way a 
continuous record of temperature is obtained. 
Considerable variation is found in different 
instruments as regards the method of indicat¬ 
ing temperature change : it is this variation 
which gives rise to different types of thermo¬ 


building in a louvred thermometer screen 
tixed to a north wall of the observatory. 
Small air specks are left in the mercurial 
columns at convenient positions in the parts 
of the tubes which are inside the building. 
Light from two lamps is thrown upon the 
tubes by passing it through two condensers 
and reflecting it at two plane mirrors, the 
lamps and the tubes being at conjugate foci 
of the condensers. The whole of this light is 
intercepted by suitable screens except that 
which finds its way through the light specks, 
which passes on and is brought to a focus 
upon a piece of bromide paper fastened around 
the clock cylinder by means of suitable lenses 
placed in the paths of the beams. Matters 
are so arranged that the image of the speck 
in the wet-bulb thermometer falls on the 
paper vertically below that of the speck of 
the dry-hull), so that corresponding portions 
of the two records are in vertical line. The 
lights are completely cut off automatically 
for four minutes once every two hours, so as 
to provide convenient “ time-marks whereby 
the records are easily tabulated. Facli sheet 
lasts for forty-eight hours, when it is taken 
off and replaced by a new one. It is essential 
that the apparatus be installed in a dark 
room, and the record cannot, hi* inspected 
and tabulated until it has been developed, 
fixed, washed, and dried. Although the 
photographic method is expensive and trouble¬ 
some, the apparatus is well made and robust, 
and the method has the great advantage of 
being entirely trietionless—there is not even 
a pen pressing against the paper. Perhaps 
the most serious objection that can be brought 
against the method when used at an observa- 
i torv is that it is impossible for an .observer 
I to watch the record being made: lie cannot, 
j therefore, correlate, on the spot and at. the 
j time, corresponding changes of temperature. 
! and other meteorological phenomena. A 
j minor objection is that the thermometers 
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one end to protect the hull), which projects ] 
from the mount, from injury. 

(<) There in a line const lict ion or other,! 
equivalent arrangement at a point in the bore 
of the stem, near the bull), which offers con- ; 
suitably more resistance to 4lie How of mercury 
than the remainder of the bore. W hen tern- , 
perature is rising, and the column of mercury 
in the thermometer is continuous, Hu* mercury ! 
is forced past the constriction and the end 
of the column registers correctly the prevail¬ 
ing temperature ; but when temperature tails, 
the mercury column breaks at the constriction 
as soon as the mercury in the bulb contracts, 
but the further end of the column remains 
at a point corresponding with the highest 
temperature attained, for the contraction of 
the detached column itself due to the fall of 
temperature is quite inappreciable for meteoro¬ 
logical purposes. The thermometer therefore 
always indicates the highest temperature to 
which it has been subjected since it. was last 
“ set." Setting is performed by holding the 
instrument by the end of the wooden mount 
remote from tin* bulb, and vigorously swinging 
it at arm's length so as to drive the mercury 
by centrifugal force past the constrietiou and 
into the bull), until the whole volume of 
mercury is continuous again. A well-made 
maximum thermometer is a very satisfactory 
instrument and seldom gets out of order. It 
is usual to support the tube of the thermometer 
in a nearly horizontal position in the screen, 
with a xfitihl slope downwards towards the 
bulb. 

(iii.) Minim inn Thrmnnnif.r.- —The standard 
minimum thermometer is very similar in form 
to the maximum thermometer, but the liquid 
used in the thermometer is uncoloured alcohol, 
and the range of graduation is 2<) 1*\ to 

110 K. There is no constriction in t^ie bore 
of the tube, but a black or dark blue glass 
index in the form of a long dumb-bell is in¬ 
serted in the bore, and is normally completely 
immersed in the alcohol. The tube being 
supported horizontally, the How of alcohol 
produced by a rise of temperature passes the 
index without moving it. Likewise the return 
of the. alcohol to wan Is the bulb due to a fall 
of temperature has no effect upon the index 
until the end of the column reaches the end 
of the index, when, in consequence of the 
surface tension at the free surface of the 
alcohol, any further decrease of temperature 
results in the withdrawal of the index towards 
the bulb, the further end being always at 
the end of the alcohol column so long as ; 
temperature continues to fall. 

The thermometer is read by noting the 
graduation on the scale which corresponds . 
with the end of the index further from the ! 
bulb ; this reading will he the lowest tempera- ! 
turc attained since the instrument was last set. ' 


The necessity of placing a glass index in 
the bore of the tube requires the use of a 
considerably wider capillary for the stem of 
the thermometer than is needed for the maxi¬ 
mum or the dry- and wet-bulb thermometers. 
The openness of the scale is, however, the 
same, for, on the other hand, the coefficient 
of expansion of alcohol is nearly six times 
that of mercury. The increase in bore is 
therefore compensated to a considerable extent 
by tin* increased coefficient of expansion, 
tlfb result being that the bulb of the minimum 
thermometer is not markedly diflcrent in 
size from that of a maximum thermometer; 
generally the former is slightly the larger. 
Minimum thermometers are usually less 
sensitive to change of temperature than 
mercurial thermometers. 

The chief defect of the minimum thermo¬ 
meter consists in the great tendency of the 
alcohol to evaporate from the end ol the 
column and to condense at the further end 
of the tube, where it may form a bubble ol 
liquid equivalent in length to T or 4 V. of 
temperature on the thermometer scale. It is 
evident that this will cause the thermometer 
to read too low by an equal amount, resulting 
in the registration of correspondingly erroneous 
minimum temperatures. 'This tendency lip- 
pears to he most marked on days of consider¬ 
able range of temperature. Kven if a bubble 
is not actually produced, a very thin film of 
alcohol is liable to be formed upon the internal 
walls of that part of the tube which is not 
occupied by the column of spirit, and this 
may introduce an error of nearly l !'• in the 
reading. Mereiirv. being a non-volatile liquid 
which does not *" wet " glass, is much to be 
preferred on that account for use in thermo¬ 
meters. 

It is the practice among thermometer 
makers to seal alcohol minimum thermometers 
while their bulbs are immersed in a freezing 
mixture. In this way as much air as possible 
is included in the thermometer, for it is found 
'that this air appreciably diminishes the 
diffusion of alcohol vapour along the lube, 
and therefore tends to rod.ice the defect. 
A mercurial thermometer is, on the other 
hand, usually sealed when tie bore of the 
tube is filled with mereury, that is, when the 
thermometer has attained the maximum 
temperature which, when sealed, it can 
withstand with safety. At lower temperatures 
therefore there is a vacuum in the tube above 
the mereury column. Thus, at moderate 
temperatures the pressure, inside a mercurial 
thermometer is less than atmospheric, while 
that inside an alcohol thermometer is greater 
than atmospheric. IA J. W. \\ hippie has 
suggested that the excess of pressure inside 
a spirit thermometer may in course of time 
slightly distend the bulb of the thermometer. 



METEOROLOGICAL INSTRUMENTS 


m 


causing it to road too low. This would explain 
the. circumstance that those thermometers 
are inclined to develop errors which require 
the application of positive corrections, even 
when care is taken that all the spirit in the 
thermometer is continuous in the column, 
and not condensed upon the walls of the tube 
above the column. 

The minimum thermometer is placed in 
the screen with its stem horizontal, and 
it is tl set" daily by removing it. and 
holding it. hull) upwards, whin the index 
descends by gravity until ils further end 
coinoides with the free end of the alcohol 
column. 

§ (S) Akkasokmknt ok tiik Tiikkmomktkks 
insidk Till', Sckk.k.n. - As explained above, it 
is usual to place four thermometers inside a 
Stevenson screen, viz. dry hull), wet-bulb, 
maximum, and minimum thermometers. The 
first two thermometers are read with the 
stems vertical, while the last two are read with 
the stems horizontal. It. is necessary to 
remove the lirst two from the screen only 
occasionally, whereas the maximum and 
minimum thermometers have to he removed 
daily for sotting. Consequently the usual 
arrangement of the thermometers in the 
screen is to tix the dry and wot bulbs side 
by side towards the hack of the screen, and 
to hang the maximum and minimum thermo¬ 
meters upon two vertical wooden battens 
jixod in the screen, forward and also to the 
side of the dry and \\d bulbs, the maximum 
thermometer being near the top and the 
minimum near the bottom of the screen. In 
this way the scales of the dry and wet. bulbs, 
between about !>0 l\ and NO 1\, which is 
the portion most frequently required, fall 
between the mounts of the maximum and 
minimum thermometers, and are readily 
visible on opening the door of the screen. 
No difficulty in reading these thermometers, 
between these limits, without introducing 
errors of parallax, is experienced. 

$ (!>) TimniooiiAi'u.s, oh Si:i.k-hkcohi>im} 
Tiii:hmomi;ti:hs. - A thermograph is an instru¬ 
ment which automatically records tempera¬ 
ture as a function of time. The sheet of paper 
upon which the record is obtained is wrapped 
around a metal cylinder, with axis vertical, 
which is caused to rotate uniformly by means 
of suitable clockwork. Some arrangement is 
provided whereby either a pen or a spot- of 
light, which moves vertically up and down 
in response to changes of temperature, is 
caused to touch the pa per bind leave upon it 
a permanent impression. In this way a 
continuous record of temperature is obtained, 
(’onsiderable variation is found in different 
instruments as regards the method of indicat¬ 
ing temperature change : it is this variation 
which gives rise to different types of thermo- 
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' graphs, which may he classified thus, according 
to the type of thermometer used : 

I (i.) Mercury thermometer : 

(1) Photographic registration. 

(2) Mechanical registration. 

[ (ii.) Bimetallic thermometer 

(iii.) Bourdon tube 
! (iv.) Resistance thermometer 

I (i.) Mercurial llicrnioijraplis , with photo- 
: graphic registration, have been in continuous 
! operation at Meteorological Office observa¬ 
tories since 18<>7, and are now in use at Kew, 
j Kskdalenihir, Aberdeen, and Valencia ob- 
. semitones, hatch thermograph comprises two 
I thermometers, one acting as a dry bulb, the 
other as a wet bull). The glass tubes of the 
, thermometers are bent twice at right angles 
to enable the bulbs to he exposed outside the 
building in a burned thermometer screen 
; fixed to a north wall of the observatory. 
Small air specks are left in the mercurial 
columns at convenient positions in the parts 
of the tubes which are inside the building. 
Light from two lamps is thrown upon the 
tubes bv passing it, through two condensers 
and reflecting if at. two plane mirrors, the 
lamps and the tubes being at conjugate foci 
of the condensers. The whole of this light is 
intercepted by suitable screens except that 
which finds its way through the light specks, 
which passes on and is brought to a focus 
upon a piece of bromide paper fastened around 
the clock cylinder by means of suitable lenses 
placed in the paths of the beams. Matters 
are so arranged that the image of the speck 
in the wet-hull) thermometer falls on the 
paper vertically below that of the speck of 
the dry bulb, so that coriespondiug portions 
of the two records are in vertical line. The 
lights are completely cut off automatically 
for four minutes once every two hours, so as 
to provide convenient ,k time-marks " whereby 
tlu' records are easily tabulated. Kaeli sheet 
lasts for forty-eight hours, when it is taken 
off and replaced by a new one. It is essential 
that the apparatus he installed in a dark 
room, and the record cannot he inspected 
and tabulated until it has been developed, 
fixed, washed, and uried. Although the 
photographic method is expensive and trouble¬ 
some, the apparatus is well made and robust, 

; and the method lias the great advantage of 
■ being entirely friit ion less—there is not even 
! a pen pressing against, the paper. Perhaps 
the most serious objection that can he brought 
against the method when used at an observa- 
1 tory is that, it is impossible for an .observer 
i to watch the record being made ; he cannot. 

; therefore, correlate, on the spot and at the 
] time, corresponding changes of temperature 
! and other meteorological phenomena. A 
! minor objection is that the thermometers 
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have large bulbs, thus rendering them more 
sluggish than the thermometers in general use 
for meteorological purposes. The instrument 
is described in the Report of the Meteoro¬ 
logical Committee for 1807. 

A thermograph containing a mercurial 
thermometer arranged for mechanical registra¬ 
tion is on the market. The mercury is con¬ 
tained in a steel tube, which is connected by 
a flexible steel pipe to a steel box with a 
corrugated steel diaphragm. Increase of 
temperature is accompanied by ail expansion 
of the mercury relatively to the steel, so that 
the diaphragm is pressed outwards, while- 
decrease of temperature produces the opposite 
result. 'I'he motion of the diaphragm is 
magnified by a system of levers terminated 
either by an index hand moving over a 
circular dial, which is graduated to show 
temperature on the desired scale, or by a 
pen arm carrying a pen which writes upon a 
chart in the usual way. 

(ii.) The bimetallic thermograph is now in 
use at a fair number of stations in this country. 
It writes a visible record upon a chart which 
can he printed beforehand to indicate the 
time and temperature scales to which the 
instrument is adjusted. 'The thermometer is 
a long strip consisting of two pieces of brass 
and invar electrically welded together and 
coiled in the form of a spiral, the invar being 
on the outside and the brass on the inside of 
the coil. 'I'he coil is mounted upon a hori¬ 
zontal axis at the end of and outside the ease 
of the instrument. One end of the coil is 
lixed to the case, through a fine adjustment 
screw, by which the pen can be set to agree 
with a standard thermometer; the other end 
is connected through the horizontal axis to 
the arm which carries the pen {Fig. 9). When 
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temperature rises the end of the coil carrying 
the pen arm causes the latter to move up¬ 
wards, and when temperature falls the arm 
moves downwards. Corresponding movements 


are therefore transmitted to the pen itself, 
which writes upon the sheet mounted upon 
the clock drum. 

A clamp for fixing the pen arm to the hori¬ 
zontal axis is provided at the pivot of the 
pen arm, by means of which the position of 
the pen upon the paper can bo considerably 
varied. This is used when the seasonal 
change of temperature is more than can be 
accommodated upon the sheet. 'The instru¬ 
ment is small and portable, and in careful 
hands gives excellent results. It has to be 
standardised by comparison with a standard 
thermometer, and when used to measure air 
temperature it should be exposed in a Steven¬ 
son screen. 

(iii.) The Bourdon tube thermograph is similar 
in general arrangement to the last type, but 
in this case the theimometcr is a tube of thin 
metal, called a Bourdon tube, of which the 
transverse section is in the form of a very 
Hat. ellipse, and the longitudinal section is in 
the form of a quadrant of a circle. The tube 
is completely filled with alcohol. When 
temperature rises the alcohol expands and 
the volume of the tube increases. This 
increase produces a decrease in the curvature 
of the longitudinal section of the tube, so 
that if one end of the tube is rigidly attached 
to the case of the instrument, the other end 
.moves relatively to the ease, and this motion 
is magnified by a system of levers terminating 
with the pen arm which carries the pen. 
'This instrument possesses the advantage over 
file bimetallic thermograph, that the tempera¬ 
ture scale value can be regulated to a nicety 
to suit the chart, whereas that adjustment 
is not provided on the bimetallic instrument. 
Oil the other hand, the Bourdon tube thermo¬ 
meter is much less sensitive to change of 
temperature than the bimetallic thermometer, 
and the absence of multiplying levers in the 
latter instrument, is an advantage, because 
that tends to the elimination of friction. 

(iv.) Flertriralhf recording thermograph# are 
exemplified by the resistance thermometer 
used in conjunction with a Callendar electric 
recorder. The thermometer consists of a fine 
platinum wire wound round a mica frame 
which is protected by a glass or r etal sheath. 
The electrical resistance of such a wire is 
connected with its temperature by a relation 
which is very nearly linear, so that the problem 
reduces itself t« the recording of the resistance 
of the platinum wire. This is done in a very 
elegant and interesting manner by the Callendar 
Electrical Recorder, 1 which may lie briefly 
described as a self-balancing and recording 
Wheatstone bridge, in which two of the resist¬ 
ance arms are equal to one another. 

In the figure. It and It are the equal resistances 
in the arms AB and AE of the Wheatstone bridge, 

1 See “ Resistance Thermometers,” § (20), Vol. I. 
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which is shown diagrammatically in the usual manner. 
T represents the n*sistaneo thermometer, and 8 is a 
compensating resistance. CD is a resistance wire 
with a sliding galvanometer contact at X. If r bo 
the resistance of CD per unit length, then CX . r and 


A 



Fig. 4. 


XD. r are the resistances of CX and XD, and when 
the bridge is balanced 

K(S | (’X.r)-K(TH XD.r). 

Thus T=S | (CX-XD)r 

—8 I (CD -2XD)r 
—const. — LV. X 1). 

Ill other words, the distance of X from 
cither end of the wire CD is a measure of the. 
resistance 'I', and therefore of the temperature. 
In the Callendar recorder the sliding contact 
at. X is adjusted automatically to secure a 
balance, and the recording pen, being attached 
to X, produces a visible record of the tem¬ 
perature. 

III. Instruments for measuring 
Precipitation 

Precipitation may take the form of rain, 
snow, hail, sleet, dew, mist, or fog, but the 
first-named form, rain, is by far the most 
important in all except arctic and northern or 
southern continental climates, whore snow 
becomes the main constituent at some, if not 
all, seasons of the year. 

§ (in) The Pain-gauge.—T he instrument 
used to measure rainfall is the rain-gauge, 
with its graduated glass measure. The gauge 
consists of (<t) a cylindrical metal vessel, 
(b) a funnel with a long delivery tube, the, 
funnel being soldered or brazed inside another 
cylinder, open at both ends, which tits over 
the opening of the vessel, and (c) a glass or 
metal receiver placed inside the vessel to 
collect the rain which falls into the funnel 
and passes down the delivery pipe. If a 
glass receiver is used it is advisable to place 
it inside a metal receiver, which in turn rests 
on the bottom of the vessel. Vhc cylinder 
into which the funnel is fixed is terminated at 
its upper end hv a strong brass rim with a 
bevelled upper edge, so that the collecting 
area is bounded by what amounts practically 
to a circular knife edge, of which the radius 
must he made accurately to a standard size. 
Except for this rim, rain-gauges are usually 
made of strong sheet copper, which is very 


durable. Galvanised iron is, however, cheaper, 
and can be recommended, but it will not. wear 
so well as copper. In this country the dia¬ 
meter of the brass rim of most gauges is i> 
inches, but there is a considerable number of 
gauges in use of which the diameter is 8 inches. 
An important feature of a good gauge is the 
deep side of the movable cylinder, between 
the lip of Ijie gauge and the upper edge of 
the funnel, amounting to some 4 or a inches. 
This prevents splashing out of heavy rain, 
and also assists materially in retaining snow. 
The gauge is sot up so that its rim is 1 foot 
above the ground, the cylindrical vessel being 
buried sufficiently in the ground to secure that. 

The ‘‘Meteorological Office” pattern gauge 
is provided with a splayed base, as shown in 
the illustration (Fig. b). The cylindrical vessel 
is in this ease replaced by a vessel in the shape 



of a fnfstum of a cone surmounted by a short 
open cylinder. The advantage of this type 
is that, when fixed in the ground, the weight 
of part, of the earth surrounding the frustum 
is carried upon the sloping side, and thus 
the gauge is lirmly secured. It is found that 
cylindrical gauges invariably work loose in the 
ground as a result of the daily removal and 
replacement of the funnel in connection with 
the measurement of the collected rain. 

§ (II) The Rain Measure. — Rainfall is 
measured in terms of the depth of water which 
would be collected upon a level area of any 
size, supposing the rain to fall uniformly over 
the area at the rate at which it falls into the 
gauge. In a 5-ineh diameter gauge, therefore, 
the water collected, if poured into a cylinder 
f> inches in diameter, would fill it to a depth 
which is taken as the measure of the fall. In 
order to secure accuracy of measurement to 
the hundredth of an inch or tenth of a milli¬ 
metre, and also for the sake of convenience. 
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a measure 5 inches in diameter is never used, , 
hut. the collected rain is poured into a measure ! 
from U to 2 inches in diameter, which is 
graduated in such a way that th<* rainfall is 
read oil' directly in the desired units. 

If R is the radius of the gauge, and I* is the rain 
fall, while r is the internal radius of the glass measure, 
all expressed in inches nr in millimetres, then the 
distance p from the hot tom ol the measure, of the 
graduation corresponding with rainfall 1 \ expressed 
in the same units as before, is given by 

7 rK-P -irr*p, 

i.e. p I’''.,. 

r“ 

If R ~4 inches, and r-'I inch, then 71 --Hi P, so 
that half an inch of rain from an N-inch rain-gauge 
when measured in a glass 2 inches in internal diameter 
will till it to a depth of X inches. It is thervlore quite 
practicable to divide suc h a measure to show tenths 
and hundredths <>f an inch of rain up to half an inch, 
or in whole* millimetres and tenths up to Jo milli¬ 
metre's. It is obvious that a measure graduated to 
suit a particular si/.e >>f gauge is unsuitable lor another 
si/.e, and it is therefore neeessaiy to engrave on the 
measure the diameter of the* gauge* with which it 
should be used. For example*. 2 millimetres of rain 
in an 8 -inch gauge- will be* shown as 2 • (X-/">-) or 
iVl mm. in a measure graduated to suit a 5-inch 
gauge. 


oil the roof of a building, causes the catch 
to be appreciably reduced. It, has been 
shown that this is due to deflection of the air 
currents by the gauge itself, and by the build- 
I ing, if any, s<> that the current, as it passes 
over the gauge, is resolved into a succession 
of eddies ; and, in consequence, rain which 
should properly be retained by the gauge is 
| carried completely over it. This matter will 
I be discussed more fully when considering the 
I measurement of snowfall. 

»(iii.) Him to be Horizontal. -The rim of the 
gauge must be kept horizontal. \\ hen rain 
falls vertically the catch in a gauge which is 
not level will Lx* that falling within the cylinder 
with vertical axis, of which the rim of the 
gauge is an oblique section. The normal 
section of this cylinder is an ellipse of which 
the major axis is equal to tin* diameter of the 
gauge ; consequently the area of the normal 
cross-section is less than that of the rim of the 
gauge, and the catch is reduced in proportion. 
Jf we neglect wind eddies round the gauge 
and assume that when rain and wind occur 
together tin* drops fall at a uniform oblique 
angle into the gauge, then it is easy to see 
that the amount collected represents the true 
fall at a point more or less distant on the 
windward aide. Thus the rain collected at 


§ (12) Obsolete Rain •<; ur<; ks. --The rain- 
gauge described above is that usually known 
as the Snowdon pattern. There are many 
other patterns which are officially regarded as 
obsolete, although examples of them are still 
to be found in use. They are not to he re¬ 
commended, either because of some fault in 
design (c.f/. lack of the deep rim, causing the 
catch to be too low on account, of the out- 
splashing), or because of some weakness of 


the gauge (.1 ( Fill. 6 ) would, under the assump¬ 


tion made, have 
originated from the 
cloud sheet at 
Had there been no 


C 



wind, this 


rain would have 


been exactly col¬ 
lected in a similar 
gauge at G', since 




construction which unduly shortens the life 
of the gauge. 

$ (13) Vautots Prf:c apt ions, Kxrosriu*:, 
etc. (i.) Era par at ion. The Snowdon rain- 
gauge described above is so constructed that 
evaporation of the collected rain is negligible. 
The volume of the outer vessel below the 


the cross-section Km. «. 

of the cylinder 

shown dotted at G' is equal to the eross-seetion 
of the same cylinder at G, which again is equal 
to the oblique section at G of the elliptical 
cylinder CG. But, in fact, rain does not descend 
in oblique straight lines when it is windy, but 


funnel, when the latter is in position, is 
practically shut off from the external air, 
the only connections being ( 1 ) along the 
narrow and long delivery pipe, and ( 2 ) round 
the close-fitting sliding joint between the 
lower vessel and the cylinder which supports 
the funnel. 


eddv currents pass round and over the gauge 
with the result that some rain which belongs to 
the section at <■ is not collected in the gauge 
at all, and the catch is too low. 'This difficulty 
is especially marked in mountain and moor¬ 
land sites, and in suc h eases it is necessary 
to select a more or less sheltered place for the 


(ii.) He'ujhl of Him above. Ground. - In this ; gauge, such .is a natural depression in other- 
country rain-gauges are exposed with their wise generally level ground. Failing that, it 
rims 12 inches above (he gmunddevel. It is is usual either to construct an earthwork 
undesirable to set the rim flush with the i around the gatige at a distance of about a 


surface of the ground since this would result, yard, of which the top is level with the rim 
in the splashing into the gauge of rain which of the gauge; or to provide a metal shield 
had fallen and rebounded from the ground around the gauge, such as the Niphor shield 


near the rim. On the other hand, increasing : (see below, § (16)). 

the height of the gauge above ground-level, i (iv.) Site of Chnif/e.-- At ordinary stations 
especially if this is done by placing the gauge i it is necessary for accurate results that the 
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gauge should be exposed in an open site so 
as to avoid the errors due to wind-eddies 
round buildings, trees, etc*. ; and to secure 
this, it is sufficient that the distance of every 
object from the gauge should be not less than 
twice the height of the object. 

§ (II) Si:u--in;roKi)iN(i Kain-oauoes. -A 
large amount of ingenuity has been expended 
upon designs of instruments which will auto¬ 
matically record both the amount of rainfall 
and the time at which the fall occurs. A 
considerable number of different kinds arc*in 
actual use, but it is doubtful if finality in the 
matter has been reached. Self-recording rain- 
gauges arc usually divided into three types: 


sometimes used, hut can* in the selection of proper 
proportions, and of the proper diameter of the 
siphoil, is necessary, otherwise the siphon will 
“dribble,' i.r. tail to start fully at a definite time, 
and merely carry over the excess of water as it is 
collected. Dribbling may also occur at. (he conclu¬ 
sion of the siphoning process, if rain is tailing sulli- 
eiently rapidly just to prevent air from entering at the 
bottom of the short leg of the siphon in sufficient 
quantity to $lop the flow. Another defect of the 
automatic, siphon is its liability to start for slightly 
different quantities of water in the collecting vessel. 
In any gauge ot this type, rain which falls during 
flic lime (he siphon is in action is not recorded, tail 
unless (he siphon empties the gauge at an abnormally 
slow "ale, the resulting loss is negligible. 


(1) Tilting-bueket. gauges. 

(-) Float-gauges. 

(.'{) lialanee gauges 

(i.) T’lthitj - bucket (jam/e. — In the tilting- 
bueket gauge the rain, as delivered from the 
funnel, is collected in one or other of two small 
elongated " buckets,” one oil each side of 
the arm of a balance. When one bucket- 
is nearly tilled (having collected a ilelinite 
quantity of rain, say -01 inch) the side of the 
ami which carries it is automatically depressed 
by the weight of the collected rain, and the 
bucket is emptied. At the same time the 
other bucket comes into use as collector, and 
so the process gois on, the arm rocking like 
a see-saw for every -01 inch of rain 
that falls. The rocking is communicated to 
a pen lever and pen recording on a drum 
rotated by clockwork through a reversed 
escapement motion and a "snail” mounted 
on the axis of the escapement wheel. The 
pen, on reaching the top of the chart, falls 
automatically to the bottom again, since 
these two positions correspond with tin* points 
of the maximum and minimum radii of the 
snail, those radii being superimposed over 
one another. 

(ii.) Float-(fa aye *.—In float gauges the water 
is collected in a. cylindrical vessel containing 
a light metal float, and the vertical motion 
of the float is communicated through a lloat- 
rod to the pen which records upon a clock 
drum in tin* usual way. It is obvious that 
the vertical motion of the pen is proportional 
to the rainfall. A continuous record is thus 
obtained instead of the step by-step record 
of the tilting-bueket gauge. When the pen 
reaches the top of the chart, it is usually 
arranged that a siphon comes fuitoinaticallv 
into operation, which empties the vessel to 
such an extent that, the pen falls to the base 
line of the record in a few seconds. The 
siphon then ceases to act and the record starts 
again from the base line. 

The automatic siphon is usually the weak feature 
of these instruments, and is frequently a continual 
source of trouble and failure. A plain siphon is 


((/) Messrs. ('. I'\ Casella. & Co., Ltd., and 
Messrs. Negrelti & Xambra have, quite 
recently, and almost simultaneously, brought 
out new recording rain-gauges w ith ” plain ” 
siphons in the sense that there is no moving 
subsidiary device for fully starting the siphon 
at the right time. Tin* two si plums present 
several interesting features. They differ from 
one another in some respects, but agree in 
that they are arranged with the long and short 
legs coaxial, the long delivery tube being inside 
the short leg. which is connected to the collect¬ 
ing vessel. The advantage of 
this arrangement is evident B 

from the figuw, which repre¬ 
sents a longitudinal central 
section of the knee 01 upper 
end of the siphon where the 
direction of How of the water 
is reversed from an upward to 
, a downward direction, and the 
I water enters the long leg of the 
: siphon. 

The outer tula* AH (Fit/. 7) 

| represents the upper end of 
the short leg, and the inner Tig. 7. 
i tube (*1) represents the upper 
I end of the long leg. It is clear that if a is 
i the radius of the tube Cl), and d is the 
| vertical clearance between the etuis of the two 
! tubes at the top, then d need not be greater 
! than the value which is determined by the 
! condition that lluid motion down CD is not 
throttled at the bend. In other words, d 
need not exceed the value given by 

'2 wad -- rti 2 . 


d 


That- is, the necessary clearance is only one- 
quarter of the diameter of the inner tube. If 
that tube is j} inch in diameter, the clearance 
required is only A inch, and is practically 
of capillary dimension.;. This fact ensures 
that, the starting of the siphon is a definite 
occurrence, for as water passes over the bend 
capillary action drives all air in front of it, 


voi.. in 


2 K 
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and a full How commences forthwith. Simi¬ 
larly, after siphoning, the first small quantities 
of air which arc passed up the short limb 
immediately occupy the capillary space at 
the top, and effectively check the flow. The 
width of the annular space in the short limb 
inside the outer tube and outside the inner 
tube may clearly be still less than <l y in so 
far as the condition of freedom froyi throttling 
of t he flow is concerned, but it is much better 
not to reduce this distance to capillary dimen¬ 
sions, for this would mean that the level of 
water in the short limb would be higher 
than that in the collecting vessel by an 
amount which would be subject to variation ; 
according to the state of the tube as affecting ; 
surface tension. 

Other methods of overcoming the difficulties 
connected with plain automatic siphons have 
been brought forward from time to time. 
These are embodied in different, instruments, 
of which it will be sufficient to refer to the 
hyctograph, the Dines gauge, and the Fernle.y 
gauge. 

(6) In the hyctograph the automatic siphon j 
is entirely dispensed with, and the float 
rises steadily until the collecting vessel is 
filled, the amount collected being equivalent 
to over 4 inches (about 100 mm.) <4 rain. 
The pen, instead of being mounted directly 
upon the float-rod, is supported on an arm 
pivoted to a fixed axis on the instrument. 
Projections on the side of the float-rod come 
successively into action by bearing against a 
cam mounted upon the pen arm. When the 
pen reaches the. top of the chart, which occurs 
after I an inch (or 10 nun.) of rain has been 
collected, the projection then in action auto¬ 
matically overruns the end of the cam, the 
pen arm falls until its motion is arrested, 
when the pen has returned to the base line 
of the. chart, by the cam coming into contact 
with the next lower projection on the float- 
rod, which now takes up the control of the 
pen arm and pen. The hyctograph is a 
simple instrument, and it is reliable in action 
if care is taken to avoid friction between earn 
and projections. 

(c) The Dines recording rain-gauge is de¬ 
scribed by Mr. W. H. Dines, F.U.S., in the j 
Mttcoroloylcal M fi'jazine for 1920, vol. Iv. p. 112. 

In this instrument the collecting vessel contain¬ 
ing the float is mounted upon one arm of the 
lever of a balance, and an adjustable counter¬ 
weight is placed on the other arm. When the 
required amount of rain (10 mm.) has been [ 
collected in the vessel, the pen has reached the 
top of the chart, the weight of the vessel and ! 
of the collected rain just overbalances the j 
counter-weight, and the vessel descends a short ! 
distance, which is sufficient to depress the | 
“ knee ” of the siphon attached to the vessel j 
to such an extent that, it is completely and ' 


j suddenly filled with water. The siphon is 
I therefore started without dribbling or hesita¬ 
tion when the required quantity of rain has 
I been collected. As the vessel is emptied, the 
; counter-weight raises it to its initial position 
again. 

(d) The Fern ley recording rain-gauge was 
designed by J. Baxcndcll of the Southport 
Meteorological Observatory. It has an ex¬ 
ceptionally open rainfall scale, and was 
intended primarily for observatory use. The 
sifhon is started by being “primed” by the 
sudden introduction of water near the bottom 
of the long limb at the required moment. 
The water used is a part of the last catch 
of rain in the collecting vessel, arrangements 
being made for it to be collected in a tipping- 
bucket, which is overturned through the 
agency of a earn attached to the float-rod 
and an intermediate trigger action. The satis¬ 
factory action of this instrument depends 
upon the proper performance of a series of 
motions, each one of which is consequential 
upon the previous one. 

(iii.) Balance ({auffcs. — In balance gauges 
the receiving vessel is suspended on one arm 
of a curved lever balance, or is floated in a 
mercury trough. As rain is collected the 
vessel is depressed in proportion to the 
quantity received, and the amount of depres¬ 
sion is communicated to a pen writing on a 
chart in the usual manner. When the requisite 
amount of water has been collected, corre¬ 
sponding with the rain scale of the chart, 
ti e vessel is emptied either by being auto- 
, rnaticallv inverted or by the aid of a siphon. 
The large Casclla gauge is perhaps the best- 
known form of the curved-lover balance gauge, 
and the Hockley gauge is representative of 
floating receiver gauges. 

In the Berkley gauge the neck of the 
I receiver is much constricted, and a siphon is 
| fixed to the receiver with its knee at the level 
of the narrowest part of the neck. 'Phis 
arrangement is effective in ensuring certain 
• act ion of the siphon, for even in very light rain 
the rise of the water-level in the neck of the 
receiver, relative to the siphon, is appreciable, 
so that “ dribbling'’ of the siphon is unlikely 
to occur. This method of starting a siphon is 
clearly inapplicable to float-gauges. 

§ (lf>) Tun Measuhf.mf.nt of Snowfall.— 
There are numerous difficulties connected 
with the measurement of snowfall, which 
render necessary the adoption of special pre¬ 
cautions. A large proportion of snow falls 
when the wind .is blowing strongly so that 
the snow in falling is carried by wind eddies 
around and over obstructions, and is also 
piled up in drifts. These two effects, if not 
guarded against, vitiate the two usual methods 
of measurement, viz.: (ft) collection of the 
snow in a ra : n-gauge, and subsequent melting 
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and measurement as rain; and (b) measure¬ 
ment of the depth of the fallen snow. It 
may, however, be noted that the measurement 
of the depth of the snow, even if satisfactorily 
performed, does not meet full requirements, 
for the density of recently fallen snow varies 
considerably according to the air temperature 
which prevails at the time, so that the factor 
of conversion to equivalent rainfall is not 
constant. The factor is, however, usually 
taken to be one-tenth oi one-twelfth ; hence 
the convenient rule to meteorological observers 
—“ measure the depth of snow in centimetres 
(or feet), and convert to equivalent rainfall 
by calling centimetres millimetres, or feet 
inches, and retaining the numeric." It is 
usual to reserve a level patch of ground for 
this purpose, and after each measurement to 
clear away the snow so that further falls can 
be measured without ambiguity. 

There are also diilicultics connected with 
the collection and subsequent melting of snow 
in a rain-gauge. If the wind is strong it 
eddies over the mouth of the gauge, so that 
most, of the snow which would otherwise be 
collected is carried over the gauge, and the 
actual catch is an indeterminate fraction of 
the real fall. The wind may also remove from 
the funnel some snow which liad been pre¬ 
viously collected then*. 

Different expedients have been suggested 
for overcoming this difficulty. Niphcr's shield, 
which is perhaps the best known of these, 
will he bncHy described, and a few remarks 
added as to the properties of the ideal shield. 

(i.) Si filter a Shield. — Niphcr’s shield con¬ 
sists of ;i frustum of a cone iixed around the 
gauge with its wide end uppermost, ami with 
its axis coincident with that of the gauge. 
There is a clear spare between flic shield and 
the outside of the gauge, to allow the snow or 
rain which falls upon the inside of the. shield 
to drop through to the ground. The shield 
is sufficiently far away from the rain-gauge 
to prevent rain which falls upon it from 
splashing into the gauge. The upper edge 
of the shield is fixed level with the rim of the 
gauge. The object of this arrangement is 
to prevent the formation of the usual wind 
eddy over the gauge and to replace it by an 
eddy which is formed at the upper edge of 
the external surface of the shield, and de¬ 
flected downwards by the shield. The follow¬ 
ing diagrams (Fig#. 8 and 0) will explain this 
point. 

(ii.) The Ideal Shield .—-The problem appears 
to he the following. It is required to provide 
such ft shield as will ensure that the stream¬ 
lines of air above the gauge are as nearly as 
possible horizontal ami free from eddies. For 
in such a current, snow, or anv other form of 
precipitation, will fall with a uniform vertical , 
component of velocity, which will be the same 


as that in still air, and the only difference 
will be that the precipitation will possess also 
a horizontal component of velocity corn- 



Fig. 8. Fig. 


spending with that of the air. The quantity 
collected by the gauge will be correct, but 
it will have originated from a cloud somewhat 
to windward of the gauge. 

IV. Instruments for m has cut no Wind 
Velocity and Direction 

(A) 1 Vi )id Velar ity 

§ (lb) Introductory. — The instruments 
used for the measurement, of wind velocity 
are of many kinds, and vary considerably in 
size and price. They may all be divided, 
however, into three main types. 

(«) ('iifi and b an A nemoim ter*. - Broadly 
speaking, these instruments measure the 
quantity of air passing them in an interval, 
expressed in miles or teet run of wind. 

(h) Presum-tube Ancnnnnfter*. — These in¬ 
struments depend upon the pressure effects 
produced by an air current in pipes which 
are presented to the current in different ways. 

(r) Pressure-{dale Anemometer/*. — In these 
instruments a plate of known dimensions is 
placed in the current normal to its direction. 
Fit her the force exercised by the wind upon 
<hi> plate is measured, or the plate is hinged 
about its upper edge and swings freely from 
that edge, and the angle is measured by w hich 
the plate, being in equilibrium, is deflected 
out. of the \ertieal by the wind pressure. 

In instruments of the first type the indica¬ 
tions scarcely depend at all upon the density 
of the air, but in instruments of the second 
and third types the density of the air occurs 
as a factoi 1 in the expression for the pressure 
exerted by the wind upon the plate. The 
relation between wind pressure, density, and 
velocity lias been proved experimentally to 
be satisfied by the equation 

p — I'pr-, 

when? k is a constant- depending upon the 
instrument, p is wind pressure, and p is air 
density; whence it follows that the wind 
velocity varies ns the square root of the 
quotient of pressure and density. This fact 
needs to he borne in mind in considering 
anemometers for use at high elevations where 
the air density is appreciably less than at sea- 
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level. It is even more important in dealing 
with instruments, which are generally of the 
second type, for measuring the velocity of an 
aeroplane relative to the air. Since variations 
of air density depend mainly upon height 
above sea - level, the interpretation of the 
rerdings of such instruments depends upon 
the height at which the machine happens to 
be Hying. 

§ (17) The Rouinson Cor .Vnkmomkthk. 
(i.) Description. — The cup anemometer con¬ 
sists of four hemispherical cups of thin metal 
attached in such a way to the ends of two 
horizontal arms, crossed at right a miles to 
one another at their middle points, that the 
open cups face horizontally, ami are in turn 
ox postal to the wind as they rotate under the 
action of the wind about a vertical axis 
through Ur* point of intersection of the arms. 
If two cups are mounted at the ends of a 
single horizontal arm which is free to rotate 
about a vertical axis at its middle point, the 
resultant pressure of the wind upon the cups 
is in general such as to cause rotation about, 
the axis in the sense corresponding with a 
recession, from the direction from which the 
wind is blowing, of a cup which is open to the 
wind. Thus in b'i<j. 10, if the long arrow 
represents the wind direction, then the wind 
pressure on cup B, which in the position 
shown is open to the wind, is greater than 
that oil eup A, which is presented to the wind 



as a convex surface, and the arm wiff rotate 
iri an anti-clockwise direction. If now the 
second arm, with its cups C and I), is added, 
we have similarly, for the position shown in 
l'i<f. 11, that the pressure on C is greater than 
that on l>, which again produces an anti¬ 
clockwise rotation. Jlence the whole system 
will rotate in the same direction. Two cups 
on a single arm are not sutliciont to give 
steady motion, because the torque or turning 
moment tluctuates considerably in the course 
of a rotation, being a maximum when the arm 
is at right angles to the wind direction and 
zero when the arm lies along the wind direction. 
Three cups are also inappropriate for similar 
reasons, but four cups are suitable for an 
anemometer, both from the point of view of 
nearly uniform torque during a revolution, 
and also because such an anemometer is well 
adapted to manufacture in a simple and 
strong design. 

Considerable attention has been devoted to 


the mathematical theory of the cup anemo¬ 
meter exposed in a steady wiml-current, but 
the problem is too difficult for a complete 
solution to he obtained, and the most im¬ 
portant results of these attempts have been 
to suggest different forms of the mathematical 
relation which exists between the velocity 
of the wind and the corresponding speed of 
the cups, leaving the constants of the relation 
to la* determined subsequently by experiment. 
The actual ease is complicated still further 
by the fact that the natural wind is not a 
steady current, hut one which is constantly 
fluctuating both in velocity and direction. 
The effect of fluct uation in velocity is generally 
to exaggerate the true average velocity of 
the wind, because of the inertia of the cup 
system, which is affected by the higher more 
than by the lower velocities. 

An account, with a discussion, of some of 
the theories of the Robinson anemometer, by 
B .1. W. Whipple, has recently been published 
by 11.M. Stationery Office as Heports and 
Memoranda, .Vo. 67).V, of the Adrisory Committee 
for Aeronautics, and the following remarks 
arc mainly based upon this paper. 

(ii.) The *' factor " of the Cup A nanometer .— 
Dr. Robinson’s original experiments at Armagh 
showed that the speed of the wind was ap¬ 
proximately three times the speed of the centres 
of the cups in their circular path, and this 
result was, until comparatively recently, 
assumed to he true for all sizes of cup anemo¬ 
meter, although experiments had been made 
by several investigators which did not sup¬ 
port it. It has now been shown, by ex¬ 
periments in a wind channel at the National 
Physical Laboratory, and by comparisons 
between a cup anemometer and a pressure- 
tuhe anemometer exposed side by side, that 
the ratio between the speed of the wind and 
the speed of the cups, usually known as lho 
"factor” of the anemometer, is not. constant, 
hut varies with the wind speed, being greater 
at low than at high speeds. This variation 
is independent of frictional effects in the 
instrument itself, hut the fact that it operates 
in the same direction as those effects led the 
early investigators to suppose that when due 
allowance had been made for friction the 
factor was constant at all speeds. It has also 
been shown that anemometers of different 
sizes, as specified by the diameter of the cups 
and length of the arms, have different factors 
for the same wind speed, hut it appears from 
the theory of dimensions that the factors of 
anemometers of.,similar dimensions (both as 
regards cups and arms) are proportional to 
the product wind speed x linear dimensions. 
A further result of experiment, is that the 
variation of factor with speed is smaller 
according as the ratio of length of arm to dia¬ 
meter of cups is reduced ; and as a nearly 
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constant factor is obviously a convenience, 
it seems desirable to construct anemometers 
with short, arms and large cups. Dr. Robin¬ 
son's original experimental anemometer had 
3-inch cups on 5*3(>-inoh arms, and his ob¬ 
servatory anemometer had 12-inch cups 
and 23-inch arms. Dr. Robinson concluded 
that the same factor 3 was applicable to 
both. 

(hi.) The “ Factor" of the Observatory Cup 
Anemometer. —The standard recording cup 
anemometers at British obsei vatories, * as 
arranged by Robert Berkley, have 0-inch 
cups and 24-inch arms ; for these the factor 
3 was assumed in otlicial publications to be 
true until 1005, when the factor was changed 
to 2-2, nii the recommendation of the Wind 
Force Committee of the Royal Meteorological 
Society, which was based on experiments by 

PoitTAiu.ii Cur Ankmometkk 

Nominal wind speed (factor I | j \ ■> ^ 

2-73) (m/s) I I i 

True wind speed (m's) . .1-2 j 2-3 | 4 ' 

Eitoimnx pressed as percentage | j . ; ; 

of true wind speed / * j | 


constant factor 2-2 gives therefore fairly good 
general agreement with fact. 

On the other hand, factor 3 0 gives results 
which are in general considerably in excess of 
the true wind speed, especially at higher 
speeds where the percentage error is as much 
as 43 per cent. • 

(iv:) The “ Factor ” <f the Portable Cup 
Aneniountp.^. —The anemometer referred to 
above, as being of about one-third the linear 
I dimensions of the Berkley anemometer is 
' known in the Meteorological Office as the 
l portable cup anemometer. It has 3-inch cups 
and 7j}-inch arms. Tin* factor of the instrn- 
i menl is taken to be 2*73, each mile run of 
i wind corresponding with 500 revolutions of 
the eups. A test at the National Physical 
1 Laboratory of one of these instruments gave 
: the following result: 

(3-ixni ( res. 72 -incu Arms) 


j() : 8 10 12 : 14 10 . 18 

0 4 1 8-3 HU II a | 13-0 , 14-4 j la-8 
-0 - 4 * I 4 -8 ■ : j 1 , J.J 


Mr. \V. II. Dines. The accompanying table, sets i 
out the relation between wind speed in metres j 
per second as tabulated on the basis of constant, j 
factors 2-2 and 3 0 and the probable true speed, | 
together with the percentage errors thereby j 
introduced. The probable true wind speeds 
of the fable are deduced, as regards the higher 
speeds, from comparisons between Robinson 
and pressure - tube anemometers; and as 
regards the lower speeds, by an application 
of the theory of dimensions, as referred to 
above, to experiments at the National Physical 
Laboratory on an instrument of about one- 
third the linear dimensions of the Berkley 
instrument. 


The portable cup anemometer is arranged 
to indicate the run of wind which has passed 
in any desired interval, by a simple system of 
gears, terminating in a counting mechanism 
similar to that used as a mileage indicator 
on the speedometer of a motor car, or (less 
satisfactorily) by a system of dials as on a 
gas-meter. By suitably arranging tin* gears 
and incorporating the value of the factor in 
them, the figures on the indicator will represent, 
miles—or kilometres -run of wind, so that, 
average values of wind speed in miles per 
hour* or kilometres per hour over a period 
can readily he obtained, by taking the diilor- 
enee between the readings of the indieatur at 


Ohsukn \tokv Cm* Ankmomktku (0-incii <Vrs, 24 -incii Arms) 


' 

A 

Nominal wind speed (factor 2-2) (m/s) . 

1 

2 

4 

(i 

H 

10 

12 . 

‘"1 

14 

P. 

Nominal wind speed (factor 3-0) (m/s) . 

14 

2-7 

5-5 

8-2 

10 » 

130 

10-4 

10 1 

( ' 

Probable true wind speed (m/s) 

1-5 

2-7 

4-7 

(5-5 

S-2 

0 0 

1 1 0 

13 4 

J) 

E 

Kitov of A from ('.expressed as n \ 
percentage of ( 1 ( 

Error of P from (', expressed as n\ 

- 33 

-0*7 

— 20 

0 

1 17 

-8 

i 20 

_2 

:« 

1 

i 37 

3 

i 41 

i 4 

t-43 


percentage of (' * ( 










The nominal wind for factor 2-2 is there- I 
fore correct at about 10 m/s or 22 mi/hr. 
For stronger winds the factor exaggerates the 
real speed ; for lighter winds it. would appear 
to understate the true speeds. At low speeds, 
however, the comparison between the two 
types of instrument is not very reliable. The i 


the beginning and end of the period and 
dividing that ditference by the period ex¬ 
pressed in hours. 

(v.) The “ Factorof the Electrical Cup 
Anemometer.— -The electrical cup anemometer 
— Meteorological OlTiee pattern — has 3-inch 
cups and 4-inch arms, and the factor of the 
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instrument varies less than that of the he determined approximately l>v measuring 
portable cup anemometer, us the following the angle between the base line of the chart 
table shows : and the tangent to the record at the point 

ICi.BOTKir Cm* Axhmomkteu (3-in. Cnrs, 4 -jn. Arms) 


Wind speed appropriate to tho \ 
constant factor 2-05 (in ’s) J 

* It 

f> 

$ 

10 

12 

14 

10 • 

18 

20 

25 

True wind speed (lie's) . 

*2*5 1 4*5 

«*4 

8-2 

10 0 

110 

130 

15 3 

171 

18!) 

23-4 

Error of spued as determined by'l 
the constant factor, expressed 1 
ns a percentage of the true wind I 
speed J 

! 

- 20 i 1 

i 

! 

!» 

*. o 

0 

42 

! 3 

_ 

+ 5 

I 5 

+ 0 

+7 


The abnormally high percentage error at 2 in/s is to In* ascribed to the effect of friction. 


The eups turn an electrical contact-maker, | corresponding with the instant. The records, 
which completes a circuit once in every ! are, however, usually tabulated to show the 
twenty-live revolutions of the cups. When run, expressed in miles, of wind which has 
setting up the instrument for use the contact- passed the anemometer in periods centred at 
maker is connected in series with a hell, or j exact hours of Greenwich mean time. These 


buzzer, a bell-push, a switch, and a 4-volt 
battery. When taking a reading the switch is 
closed, and the interval from one contact to the 
next, or for ten contacts, is timed, and the 
corresponding wind speed is taken from a 
table which takes account of the variability 
of the factor at different speeds. 

(vi.) Record i n<) Form of Cti/> Annnonoter. ■ 
The cup anemometer is readily adapted to 
write on a sheet a permanent- record, from 
which the run of the wind during any interval 
can be measured. In the Robinson-Heck ley 
instrument this is effected by gearing the 
cups to a cylinder upon which a complete turn 
of a projecting metal helix is mounted. The ; 
axis of this cylinder is parallel to that of 
another cylinder, which is rotated once in 
twenty-four hours by a clock. Fpon the latter 
cylinder is mounted a piece of fc; metallic ’ j 
paper which can he changed every dav. and 
the helix is lowered until it touches the paper. 
On the assumption that the factor of the 
anemometer is 3 the helix makes a complete 
revolution for every fifty miles run of wind. 
If the clock is not running such a revolution 
is indicated on the paper bv a straight line 
parallel to the axes of the cylinders, arid equal 
in length to the distance, measured parallel 
to the axes, between the ends of the helix. 
If, now, we suppose the clock to be started, 
it is plain that the record will consist, of a 
line inclined to the line just described at an 
angle which varies with the speed of the wind, 
being smaller for strong winds and larger for 
light winds, a calm being shown by a line at 
right angles to that above described, i.e. at 
right angles to the axes of the cylinders. If 
v iu wind speed, and 0 is the angle referred 
to, then v k cot 0, where k is a constant 
depending on the units in whic h r is measured 
and also upon the scale values of the chart. 
The wind speed at any instant may therefore 1 


figures are equivalent to the corresponding 
I mean wind speeds expressed in miles per 
hour. As already explained, the instruments 
were made to suit factor 3, and the present 
j practice in the Meteorological Office is to use 
| a table to convert these figures to metres per 
j second, and at the same time to reduce them 
I in the ratio 11 : 15 , so as to change the factor 
from 3*0 to 2 2. A specimen record is repro- 
I dueed in Fig. 20 . 

(IS) Thu Fan Anemomktku. — Similar 
in principle to the cup anemometer is the 
fan anemometer, or air-meter, which is liko 
an ordinary wind-mill in construction. There 
is a light wheel comprising a number of spokes 
upon each of which is mounted a light vane 
set obliquely to the plane of the wheel. When 
the wheel faces the wind it rotates at a rate 
which is very nearly proportional to the speed 
of the wind. The wheel is connected by a 
, worm-gear to an indicator dial, arranged like 
i a gas-meter, whereby the “ run ” of wind 
| which lias passed the instrument can be 
| read, expressed in feet or other suitable unit 
of length. The mean velocity over any 
interval, say a minute, is obtained by reading 
the dials at the beginning and end of the 
interval and subtracting the readings, so as to 
obtain the “ run " of wind during the interval. 
The readings are facilitated by the provision 
of a simple device for throwing the counting 
mec hanism in or out of gear w ith the wheel. 

The indications of this instrument, like 
those of the Robinson cup anemometer, are 
nearly independent of air density, so that no 
corrections are needed to the readings of 
instruments exposed on kite-balloons or other 
aircraft, or at mountain observatories. 

§ ( 19 ) PRESSUKK - PLATB An l-'.MOM ETERS.— 
In instruments of this type a plate is exposed 
normally (or nearly so) to the wind and the 
force exerted by the wind upon it is measured. 
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either by means of springs controlling the 
motion of the plate, or by allowing the plate 
to Ik- deflected from the vertical plane until 
it is in equilibrium under the action of the 
wind force and the weight of the plate. The 
latter principle is exemplified in the swinging- 
plate anemometer. 

(i.) The Swinging - plate Anemometer. — Al¬ 
though the design of this instrument is based 
on that of one of the first anemometers ever 
constructed the instrument in its modern 
form, as brought forward during the was* is 
a very useful and simple, portable anemometer. 
It is illustrated in Fig. 12. It consists merely 



of a metal plate f>] inches long and 4J- inches 
wide, suspended on knife-edges from one end 
to a light rectangular framework. The instru¬ 
ment is held facing the wind, the framework 
being vertical, and the plate assumes an 
equilibrium position at an angle from the 
vertical which depends upon the wind speed. 
A scale of miles per hour is engraved upon a 
curved piece under the lower edge of the 
plate, and indicates the wind speed, that 
reading being taken which is opposite the 
edge of the plate. In the actual wind, which 
is made up of gusts and lulls in a continuous 
series, the plate is always oscillating, but in 
practice an observation extends over half-a- 
mimite or so, and it is easy to note either the 
mean position or the extreme positions of the 
plate during that interval, according to the 
character of the information Required. 

The instrument is calibrated in a wind 
channel where the speed of the current is 
known, for although the*wind force upon a 
plate can be computed under certain assump¬ 
tions as to the character of the flow, yet in 
practice these assumptions are liable to be 
departed from somewhat seriously, owing to 
sudden changes in the form of the stream 
lines at critical velocities. When the deflection 


j of the plate exceeds about 30° the indications 
| become unreliable. For the higher HjH'eds it 
is found better to load the plate with " bosses ” 

! consisting of a pair of flat weights, one on 
J each side of the plate, screwed together 
through a hole in the centre. If the bosses 
I together weigh three times as much as, the 
plate the total weight will he four times that 
' of the unloaded plate, and as the centre of 
gravity is 'unchanged, the pressure required 
to produce a given deflection of the loaded 
plate will be four times that required for the 
same deflection of the. unloaded plate. Since 
wind speed yaries as the square root of wind 
i pressure, the corresponding velocity will be 
twice that indicated by the same deflection 
of the unloaded plate. 

Referring to the illustration, the vertical 
framework upon which the swinging plate is 
mounted, and the curved plate upon which 
the scales are engraved, both fold into the 
, box, and there is a lid, not shown, which 
closes the box when the instrument is carried. 
There is a spirit-level upon the box to indicate 
when it is level, and, therefore, when the 
1 framework is vertical. 

(ii.) Outer Frestni re-plate. Anemometer .—This 
is another anemometer which depends upon 
the pressure of wind upon a plate, and it was 
for many years regarded as the standard 
; instrument for determining wind pressures. A 
vertical plate, 100 square inches in area, is held 
i normal to the wind by mounting it upon a 
wind vane. The plate is forced forward by 
the wind against a series of springs which are 
arrange,* 1 on its lee. side, and the. motion of 
the plate against the springs is communicated 
to a pencil which writes upon a travelling 
chart. The pressure scale of the chart is 
obtained by direct calibration of the springs. 

It is found, however, that this instrument 
give?* wind pressures in excess of the correct 
, amounts. A strong gust of wind produces a 
’ rapid motion of t he pressure plate against the 
springs, and the inertia of the plate, which is, 
of necessity, considerable, carries it. beyond 
the point appropriate to the true maximum 
wind pressure. 

§ (20) Tiib Dines Tvbk Anemometer. 1 (i.) 

I lit rod n dor if. —The pressure-tube anemometer 
depends upon the. principle that when an 
; open tube is placed in a current of air there 
is produced inside the tube a pressure which 
| differs from that outside, supposing the current 
; stilled (commonly known as the “ static ” 

! pressure) by an amount which is generally 
: proportional to the square of the velocity of 
| the current, and to the density of the air, i.e.. 

I p - p s — kpv~, 

| where p is the pressure inside the tube, p, is 

1 Scr also “ Friction," § (11), Yol. I., dealing with 
I the Pitot Tube. 
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tlu* static pressure outside the tube, v is the 
velocity of the current, /* is the density of 
the air, and k is a constant depending upon 
the. shape of the tube and the manner of 
presentation of its opening to the direction 
of motion of the current. In certain eases 
k \yill also depend upon the velocity of the 
current, in the sense that at certain critical 
velocities a rapid change in the value of k 
may take place, due to a change in the shape 
of the stream lines of the air in the neighbour¬ 
hood of the opening. 

The shape of opening which corresponds 
with the maximum value of k is that of an 
open tube lying in the direction of the current, 
the open end 

_>- | ) directly facing the 

A B current. 

ITU. 13. Thus if AH 

( Fit/. 13) is a tube 
open at A and closed at 1». and the current 
is blowing directly into the aperture, as shown 
by the arrow, then it has been shown experi¬ 
mentally that 

V I'* 

k in this ease being i Since \pr £ represents 
the kinetic energy of the current, this equation 
means that such a tube completely converts 
the kinetic energy <>f a horizontal pencil of 
current, of which the cross-section is equal 
to that of the tube, into potential energy 
represented by a correspondingly increased 
pressure inside the tube. 

It has been found experimentally that 
there is a certain shape of opening which 
produces a value of k equal to zero. In this 
case p-pg* and hence this shape enables 
us to make direct measurement of the static 
pressure of the current. 

The shape referred to is shown in Fi{/. 14. 
AB is a tube closed at both ends, but ope.u at 

—cr = 1 

A C B 

I’m. I t. 

C through a series of small holes. The eurrent 
blows directly against the end A of the tube. 
The pressure inside the tube is then equal 
to the static pressure outside, and the arrange¬ 
ment. is usually known as a “ static head." 

On the other hand, there are numerous 
shapes for which the value of k is negative. 
Common examples are the numerous forms 
of chimney cowls, ranging from a plain 
vertical pipe open at ihc upper end to the 
various complicated shapes associated with 
snmky chimneys where down draughts occur 
as the result of unfavourable eddy-motion 
over the chimney, due to obstructions in the 
neighbourhood. The particular shape of this 
kind which will be considered is that con¬ 


sisting of an annular space between two co¬ 
axial vertical tubes, which is connected to the 
outside air by rows of holes drilled horizon¬ 
tally round the circumference of the outer 
tube, as shown in Fit/. 15. The eurrent is 
supposed to blow horizontally past the tube. 
Provided the holes arc* drilled symmetrically 
round the tube, it is clear that the 
particular direction from which 
the wind blows is immaterial. 

Many experiments have been 
marie at the* National Physical 
Laboratory upon shape's of this 
! type, and it has been shown 
i that the value of k depends 
partly upon the number and l ig. 
i size of holes in relation to the* 
j size of the outer tube and the* width of the 
i annular space. It also varies according to 
■ the presence or absence of a rain-shield, which 
! is sometimes placed behind Hie holes to 
prevent rain water which has been driven 
through the holes from being carried down 
j the annular space. Tor the standard shape of 
j this kind the value of k is - {. 

(ii.) Ihxcrii>lion.— -The* tube; anemometer 
consists of three portions : 



(1) The 1 head and vane. 

(2) The connecting pipes, 

j (3) The recorder. 

The head and vane contain two of the 
shapes described above, arranged for correct 
I presentation t<> tlu* wind. One of the shapes 
j is mounted on the vane, the other is in the 1 
I “ head " which also serves to support the 
vane. The* two shapes used arc (l) the hori¬ 
zontal tube of the vane*, open at the cud 
which is facing the* wind, and (2) the shape 
last described, consisting of a vertic al annular 
tube connected to the outside air by a series 
! of small circular holes drilled into (lie outer 



! wall of the tube. The whole head and vane 
; is arranged as shown in Fit/. 10. Since; the 
i vane keeps the former shape properly facing 
! the wind, it is clear that this arrangement 
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gives two pressures, each of which differs I 
from the static pressure by small amounts | 
which are proportional to the square of the I 
velocity of the wind ; the two values of the ! 
constant k being t A and - { respectively. I 
The two openings are usually known as the 
pressure and suction openings, because the 
pressures produced by them are respectively 
greater and less than the static pressure. 

The two connecting pipes are usually 
compo tubes which convey these air pressures 
from the head and vane to the recorder. 'I'Tiey 
can bo of considerable lengths, up to J00 feet 
or more? if desired, and can follow any con¬ 
venient route from the vane to the recorder. 
These, properties of the connecting pipes 
constitute important advantages of the tube 
anemometer, for it becomes possible to mount 
tin* head and vane in a very exposed position, 
away from buildings or other local obstrue- j 
tions, by placing them at the top of a mast j 
or light girder steel tower, while the recorder j 
can he in a building or hut at the foot of the | 
tower. 

The recorder consists essentially of (1) ] 
a cylindrical tank containing liquid ; (2) an j 
inverted hell jar or “float." of sheet copper, j 
which is placed in the liquid, and is capable J 
of motion up and down under the influence 
of the “pressure’' and “suction” conveyed 
by the compo pipes front the vane and head 
respectively to the inside and outside of the 
lloat; a vertical rod fixed to the top of the 
float passes through a, moderately close-fitting I 
collar in the cover of the tank, and carries j 
an arm nearing a crow-quill pen; ()>) a. rotat- j 
ing clock drum, upon which the vertical move- j 
merits of the float, as communicated to fhe ! 
pen by the vertical rod, are recorded. It is j 
clear that flu- combined effect of the excess ‘ 
air pressure inside the float and the diminished i 
pressure outside if, as communicated by the j 
compo pipes, both tend to raise the float by j 
an amount which will depend upon the ! 
difference between these pressures, and there- ' 
fore upon the speed of the wind. 

There are two kinds of recorder in common 
use, viz. («) the original Dines pattern, made ! 
by It. W. Muuro, Ltd., and (/>) llalliwell’s j 
modification of that pattern, as supplied in I 
Negretti and Zambia's “ anemohiagraph." j 
Sections of these two recorders arc? shown in > 
Fujia. 17 and 18. The most important eon- i 
sideration in the design of the*c recorders is i 
the fact that, whereas a record of wind speed j 
is required, the pressure difference between ! 
the inside and outside of The float is pro- i 
portional to the s/juni'c of that spm/. Arrange- 1 
ments must therefore be made for the lift. ! 
of the. float above the position of equilibrium J , 
to he proportional to the square root of the 
difference <>f pressure in the two connecting 
tubes. This is secured in the original Dines I 
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model in a very elegant, manner by suitably 
fashioning the shape of the internal surface 
of the float, as shown in Fuj. 17. In this 
model the float is subjected to no external 
mechanical forces whatever. It can be shown 
that if x and y are the co-ordinates of any 
point upon a median section of the internal 
surface of the float, measured from an origin 
at the cent ** of the uppermost cross section of 
the float, the axis of x being drawn vertically 
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Fig. 17. 

A. lloat rod, carrying lien; HF. lloat; L, Inner 
MirlixT of float ; I), clock drum; I’, pipe connecting 
to pressure ; S, pipe connecting to suction. 


downwards, and the axis of y being hori¬ 
zontal, then the equation to the median 
section is 

y' l {k hh-x)~ m’ 4 , 

where k is a constant, h is the constant depth 
of water in the tank outside the float, and c 
is tin? internal radius of the float at the cross 
section through the origin. The surface is, 
therefore, a quartic hyperboloid of revolution. 
If is assumed that when floating in equilibrium 
with the pipes disconnected the water level 
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passes through the y axis, and that is arranged 
for in practice. 

In the Dines recorder the liquid used in 
the tank is pure water, which has the ad- 



A, pen; AB. AC. springs controlling vertical 
motion <>l pen ; I>B, lloat ; K, float-rrn.1, carrying pen; 
(III, level of liquid outside lloat; IK. level of liquid 
inside float: I., level of liquid for zero velocity; M, 
connection for pressure pipe; N, connection for 
suction pipe ; O, direction cam ; PQ, clock drum. 

vantage of being easy to replenish, and the 
disadvantage of being subject to freezing in 
cold weather, with disastrous results to the 
float. 

In H alii well's modification of the Dines 
recorder, an approximation to the same 
result is obtained by using a plain cylindrical 
float \\;ith a cylindrical protuberance round it 
to secure the necessary buoyancy, and con¬ 
straining its motion in a vertical direction 
by two coiled springs mounted upon the cover 
of the tank. Each spring is attached to the 
cover at one end .and to the vertical spindle 
at the other {Fig. 18). In the zero position 
of the float the springs are horizontal and 
under no tension, so that their effect is nil. 
At increasing velocities the float is raised, 
the springs are extended, and affect the motion 
of the float in two separate ways, (a) by the 
increase in tension duo to extension of the 
springs, {b) by decrease of the angle between 
the direction of the springs and the float 
spindle. Each of these changes increases the 
vertical component of the force due to the 


springs, and it is clearly this component which 
is effective so far as the motion of the float 
is concerned. In this recorder the liquid used 
is a mixture of glycerine and water of a definite 
specilic gravity. This mixture possesses the 
advantage of not freezing except at a very 
low temperature; it has the disadvantage of 
not being easily replaced when necessary. It 
is to be noted, however, that the velocity 
scale value of the recorder does not depend, 
at all upon the particular liquid used- the 
furfetion of the spocir.l liquid is to balance 
the standard float at the zero position when 
the level of liquid is the same inside as out. 

It may, further, be noticed that in the 
Dines recorder the water level outside the 
float remains constant when the instrument 
is in operation, because the float, is mechanically 
unconstrained in the vertical direction. On 
the other hand, the level of the liquid outside 
the float of the Halliwell recorder rises as the 
wind velocity increases, because of the action 
of the springs, and the scale value of the record 
is correspondingly contracted. In both instru¬ 
ments the level of the liquid inside the float 
falls as the velocity increases- it is evident 
that the difference in levels inside and outside 
the float is that corresponding with the 
pressure difference in the air spaces above the 
free surfaces of the liquid. 

(iii.) Calibration. —Tile recorders must bo 
calibrated to suit (a) the differences of pressures 
at different velocities between the two connect- 
irg tubes, due to the openings at the upper 
ends of these tubes at the vane and head of 
the anemometer, (b) the condition already 
mentioned, that the vertical motion of the 
float for any velocity should be proportional 
to that velocity, and not to the square of the 
velocity, to which the pressure difference is 
proportional, and (r) the velocity scale value 
of the chart. The relation between pressure 
difference and wind speed, given by the 
standaid head and vane, is 

\V -- -000731V 2 , 

where W is pressure difference measured in 
inches of water, and V is the speed in miles 
per hour. 

(iv.) Comparison of Records from Cup and 
Tube Anemometers. —Records of wind from 
tube anemometers arc graphs showing wind 
velocity as ordinate and time as abscissa. 
The “ structure ” of the wind, i.e. the irregular 
succession of gusts and lulls, is also shown, 
and the record appears as a more or less 
broad hand running across the sheet, indicat¬ 
ing at a glance the velocity limits between 
which the wind has oscillated. A reproduction 
of a record from a Dines anemometer is given 
in Fig. Iff. 

If It-run of wind as measured by the 
Robinson anemometer, expressed, for example, 
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in miles, and ( time expressed in hours, the Figs. 19 and 20 are reproductions of 
record of the Robinson - Reckley instrument simultaneous records obtained at Holyhead 
is a relation between R and t. from the pressure-tube anemometer and tli? 



Fia. it). 


p. vv ?4 ; | 
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i 3 -' 9 ~ j I 
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Now if v is wind velocity, it is clear that cup anemometer there, which bear out these 

remarks. Wind-direction is also recorded by 

r V /,• cut 0 each instrument. 

(It 

in the notation used above, §(17)(vi.). Hence, j II imt Dilution 

theoretically, the record from the tube anemo- | § (21) Wind-vases. A wind-vane is an 

meter is a graph of the first differential co- extremely simple instrument, but if it is to 
cllieient with respect to time of the Robinson I be used for scientific purposes, there are a 

few points to which careful 
n si 2 < ?* * t » 4 s . ’ i» •> o ^ attention must be paid. 

f li; i|i L-i-4 i I I J ! .it l-j Ll h'l-i | i («) The vane must turn 

•^s.w.bo j j ; | j—t -j : |-j * i 1 ! i | | ! | |-•] A lAl’ upon its pivot with as little 

I 3 -'«- | fW-J | ! i i‘/Tj ' !' | j j _ j j ,R0 ^ ; b-c friction as possible. 

I S VI ‘"T 1 ! r y l -[ ri_/ j"l I .j I. j ! ; 1 -U-! I »«• • ( h ) 11 ,m,sl 1,1 ‘ F<»P‘*rly 

| h.e. 4 ■! j i | -j ; | -j--1 ! i -\ j : j } n , * || balanced about its pivot, 

i'i w.drrb-: I - -- 1 -— 1 i --^ especially in the fore-and- 

_r ;i rv! ;> i u.rTril 'd'rTri : 1: ! ! :.irdl. | ;l.;d;.:I7T^d.h!.«d.,do:i : -b;!' --i-:-I - 6^: aft direction. 

fi< ;! 1 • : • * * ‘ H To it £ & («') If it has to control 

" 9 11 18 1.1 M 15 I*. 17 111 1 'I no 21 « *« 1 V 3 4 6 * 7 B ‘0 \ f , , , 

*• (.piy,,. . - r--rr i—i—v- r-j—I" firmr YTT 7 ! an instrument for record- 

I ! j\M A \ \ | y, \ i\'\! \ \ \ \— 10 , ing Mind direction it should 

3 ! i I\ \ \ . _V"\j\Lu. i jl l - \ anf * )0 ^ eS, k f,1 cd so as to pro- 

Vi * j \ \ } J\ [ j HI \ _ \ ,<A ^ duee the maximum torque, 

JV° j \ i i\ \ | V \ \ \X l I \ \ \ I in relation to its weight, 

| 4 » | \| j V ' \ V V\ V It \ \ 1 ° Cl for a given change of wind 

% «ol -i — i——[j-LLlJ-1-AL-LIJ—b-U-L-Ll lLLILJ Uo direction. 

1 Condition («) is secured 

* Fin ‘JO by supporting the vane 

upon a hardened steel cup 

record. Actually tho median line of Hie broad ami a point or ball - bearing, arranged at 
band of the tube anemometer record is a the highest point of tho hxed verticil 
i .*K!u rnsnlt Riimiort carrvimr the vane. 1 he vertical 


Suits value*- U,U- 50units of "run-. J 75in. 1 hour-.-35tin. 

Spat’* between rsticules - 14dm. Sirs o/pap«r»I4-6*8/a. 


record. Actually the median line of the broad 
band of the tula? anemometer record is a 
close approximation to this theoretical result.. 


sujiport carrying the 


close approximation to tms ineoreueiii irsuu. ■-■f- . 

The Robinson-Beeldev inst rument is ineffective sleeve attached to the vane, which serves 
for the study of wind structure. to prevent it from falling from position on 
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its support, should ho ;i loose lit over that 
support. 

Condition {b) is most, important, for if a 
proper balance is not secured the vane 
acquires a permanent, bias towards one direc¬ 
tion .of the compass. For in practice it is 
impossible to maintain the support in an 
absolutely vertical position, and it slopes 
slightly forward, say, for example, towards 
the north. Then the vane will always tend 
to point, towards tin* north or south according 
as the arrow end of the vane is too heavy or 
too light in comparison with the tin end of 
the vane, for the weight of the vane has a 
definite moment about the sloping axis of 
rotation in every other position. 

Condition (r) has received attention at 
various times. One of the methods of securing 
greater torque and steadiness which is in 
fairly common use is to use a splayed vane ; 
that is, the vane consists of two blades inclined 
at an angle of about 30 J to each other, and 
arranged symmetrically about-the direction 
of the arrow-head of the vane. While such 
an arrangement increases the torque, it is 
doubtful if greater steadiness is secured, for 
it is known that the conditions of flow behind 
such a vane will be unsteady because there 
will be a considerable wake behind the pocket 
of the splay which will consist of two series 



FlG. 21.— Fddics in Wake of Splayed Vane. 

of eddies rotating in opposite directions 
(Fig. 21). 

A new vane has recently been designed in 
the Royal Aircraft Establishment, fymth 
Furnborough, which represents a considerable 
advance upon earlier models. The tin is 
entirely redesigned, its longest dimension being 
now vertical instead of horizontal, and it is 
o situated at a con¬ 

siderable distance 
from the axis of 
rotation. In Fig. 22 
B(J is the, tin, A is 
a balancing weight, 
so that the centre 
of gravity passes 
through 1) where the 
hardened steel bear¬ 
ing is placed. EF is 
the loose sleeve, and G is the support upon 
which the vane turns. H is a cross-section of 
the fin BC; it is of aerofoil shape to sec ure 
steadiness in the wind. According to t'*sts at 
Farnborough the torque or turning moment of 
this vane is about eight times as great as that of | 
an ordinary vane of equal weight, and recent 


•ci 


Fig. 22.—It.F. Pattern 
Wind-vane. 


1 experience of the vane, as adapted to wind 
j direction recorders, shows that it is ex- 
• tremelv sensitive to changes of direction 
1 even when the wind is light and when the 
vane has to control the recorder some 40 feet 
| below' it. 

, § (22) Wind-direction Rkooudeks. (i.) 

Introductory.- A large number of instruments 
have been designed to record the direction 
of the wind, and at lirst sight the problem 
appears to be quite a simple one. It is an 
easy matter to construct a wiml-vane which 
will always indicate wind direction, and all 
that remains is to devise means of causing 
the vane to record its motion upon a suitable 
chart which is moved uniformly bv clock¬ 
work. Difficulties. however, occur in the 
design of the recording apparatus, owing to 
the fact that the most convenient form of 
| wind-direction chart shows all the points of 
the compass arranged in sequence from north 
: through east, south, and west to north 
again. There are thus two north lines, one 
at the top and the other at the bottom of the 
chart, and provision is required for a dis¬ 
continuity hi the record at the north point 
as the vane passes continuously through north. 
Thus in Fig. 22 the diagram of rectangles 
represents the usual form of wind-direction 
chart, the cardinal points being shown by 
j horizontal lines and the hours of the day by 
vertical lines. A hypothetical record of wind 
} direction starts at 1) h. (Fig. 22), with the 
; wind between S. and W. The wind veers 
until, at about 10 h. 

20 in., the direction n 
is north. The veer e 
continues and the s 
record reappears at w 
the toj) of the chart, N 
until at 12 h. the 
direction is south. 

The figure repre¬ 
sents matters as being much simpler than 
they are in reality, for in fact every wind- 
vane is continually oscillating, except when 
there is a calm, so that an actual record 
consists of a ragged band representing oscilla¬ 
tions about the mean direction. When the 
mean direction is north the record consists 
of two parts, one at the top, tin* other at the 
bottom of the sheetj corresponding with the 
tw'o parts of the oscillation on either side of 
north. Reproductions of actual records are 
shown in Figs. 10, 20. 

It will he sutlicient to mention some of 
the methods adopted for producing this result, 
as exemplified by the Baxendell recorder, 
the Beck ley recorder, the Casella recorder, the 
Munro-Hooker recorder, the Dines recorder, 
and tin* Halliwell recorder. 

(ii.) The, Jin-xcnde.il Recorder .—This instru¬ 
ment, designed by Mr. Joseph Baxendell, 


I 
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meteorologist to the Southport Corporation, A reproduction of a specimen record is 
is described in the Quarterly Journal of the shown (Riff. 20). 

Royal Meteorological Society, 1899, vol. xxv. p. (iv.) The. ('asella Recorder. — In this inert ru- 
32fi. The drum upon which the chart is mont an endless cord passes tightly round two 
fixed has its axis vertical and is rotated by a equal pulleys in the same plane. One of the 
spindle which turns with the vane. The pulleys is geared to the vertical spindle of 
chart is placed on the drum with the hour the vane, so that corresponding angles turned 
lines horizontal and the direction lines vertical, through by vane and pulley are equal. The 
the two north lines on the chart falling one length of the cord is exactly three times the* 
exactly above the other at the overlap. The oireuinfertfieo of each pulley, and three pencils 
recording pen is moved by clockwork at a j are mounted upon the cord at equal distances 
uniform rate along a fixed vertical line. j from ?me another. The width of the chart 

This is a very simple and effective method j from north to north being equal to the cirenm- 
* of meeting tin* difficulty, but it is impossible j feronec of each pulley, it is seen that a true 

to combine on the ■same chart a-s the. direction recoul of wind direction is obtained by mount- 

record' a record of wind velocity. 1 ing the pulleys with cord and pencils in front 

(iii.) The Berkley Recorder.- In this insfru- j of the chart, so that the axes of the pulleys 

incut, which has stood the test of time at the j are parallel to the two north lines in the 

British observatories since 1W>7, the difficulty ! two planes passing through those lines and 
is surmounted in a simple and ingenious way. perpendicular to the plane of tlx* chart. 1 he 
Tim drum carrying the chart is horizontal pencils are adjusted so that they touch the 

and is rotated by a clock, so that the hour j paper when passing between the pulleys on 

lines are parallel to the axis of the drum, and 1 the side next the paper. It will he seen 

the lines showing cardinal points become that, if 1',, R,, and lare the pencils (Fiy. 24), 

circles surrounding the drum. Above the j P, will leave the chart at the top of the sheet 
drum is mounted a smaller solid brass cylinder as K comes on at the bottom, and 
of which the axis is parallel to that, of the drum, conversely. u ^ N 

'Flic cylinder is connected with the wind-vane | This design is interesting and E K —' / 

in such a way that it. makes a. complete simple, but the adjustment of the 

revolution for one complete revolution of the ; pencils is not very easy, and it is * 

vane. ppon the cylinder is coiled one com- impossible to use pens which will w .. 

plefe turn of a thin metal helix, of such a give an ink record. n( 

pitch that the distance from one turn to the 'The newer recorders are based * 
next, measured parallel to the axis of the upon the principle of the Beck lev Kin. 21. 
cylinder, is equal to the distance between the recorder, in that helices of different 
two north lines of the chart. The chart- is Kinds are used to convert angular motion into 
printed on specially prepared “ metallic ” j linear motion parallel to the axis of the « 
paper, and is marked by pressure of the helix angular motion. 

due to the weight of the cylinder upon which it In order to overcome the blurring of the 
is mounted. When adjusted so that the ends . record as produced by the Beeklcv recorder, 
of the helix arc vertically above the two north due t<> contact ol the helix itself with the 
lines it is clear that this arrangement will chart, the helix on the newer instruments acta 
give a record of wind direction of the required as a earn to move a pen up and down the 
type. The chief objections to this instrument chart. By mounting the pen at the end of a 
are --(1) the record has a somewhat blurred pivoted arm which is controlled by the earn 
appearance, and (2) considerable friction must at a point between the pen and the pivot, a 
necessarily occur between the helix and the magnification of the motion of the helix is 
paper-otherwise the record would be in- produced. In these instruments the diflieult-y 
visible and to overcome this the vane has ! referred to at the beginning of ibis section is 
to be of the wind-mill type. Such a vane is j much felt, and different devices for over- 
very heavy and sluggish and subject to back- j coming it are. adopted, as now to be described, 
lash, and is therefore not adapted to meet j (v.) The M unro-Rooler Recorder. -In this 
modern demands. Tin* instrument, has, how- j instrument the helix does not form quite a 
ever, given results of the greatest value, and j complete turn, about ‘.V of the angular motion 
ow-iri" to its substantial construction it is ; round about the north points of the record 
probable that modern instruments will be ; being replaced by a steep cam connecting the 
unable to compete with ^t on the score of j upper and lower ends of the helix. The helix 
durability. and the connecting earn are cut in tin* torm 

The instrument, with which is combined j of a channel into the surface of a cylinder, and 
a velocity recorder of the cup type, so that j a roller mounted upon a short stud projecting 
the two records appear on the same sheet, is ] from the side of the pivoted arm referred to 
fully described in the Report of the Metcorn- above runs in the channel. At the north 
loyical Committee for M7. ' l*»mt the arm. which is balanced about its 
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pivot, is rapidly forced by the connecting J 
earn from top to bottom of the chart, or | 
conversely. A simple arrangement is pro- ! 
vided for lifting the pen from the chart when | 
the roller is travelling up or down the con- i 
neeling cam. 

(vj.) The Dines Recorder. Two pens, two | 
helices, and two pivoted arms are used. Both | 
pens are slightly out of balance, one so that I 
it falls to the lower north line from*the upper I 
north line of the chart, when unconstrained j 
by the helix, the other so that it is carried j 
up from the lower to the upper north line in 
similar circumstances, (hie of the two pens 
is always at rest in its unconstrained position, , 
and makes a “ zero” line on either the lower 
or upper north line. The use of two pens is ^ 
a disadvantage from the operational point of j 
view, but an advantage from the point of 
view of the finished record, because of the j 
provision of a *' zero" line which is inde¬ 
pendent of the ruling of the chart (see Fitj. lb). I 

(vii.) The. Hulliicell Recorder.- The chart of 
this instrument shows a complete revolution 
and a half of wind direction; that is, starting 
from north at the top of the chart, we pass 
successively through east, south, west, north, 
east to south at the bottom. The helix, 
which, as in the Munro-Rookcr instrument, is , 
in the form of a channel, consists of a complete ; 
turn and a half to match the chart, and is 
provided with two vertical channels on 
opposite sides of the cylinder, connecting 
respectively the two points on the helix eorre- ; 
sponding with north, and the two points ; 
corresponding with south. Arrangements are 
provided for the roller on the pen anil to 
drop down the. former channel when it reaches : 
the top of the helix, and to be forced up the , 
latter when it reaches the bottom. In the i 
new position there is ample space on the 
chart for any oscillations about nortb or j 
south, without fear of the pen reaching the 1 
edge of the chart again. This instrument 
has the advantage of using only one pen. 

The last three types of instrument arc 
easily adapted to work in conjunction with a 
tube anemometer so that the combined instru¬ 
ments may give records of wind speed and of 
wind direction on the same chart with a 
common time-seale. 

§ (23) Rxpo8i:hk or Anemometers.—T he* j 
question of exposure is extremely important j 
in anenmmetry. An anemometer can only j 
measure the wind speed or wind direction 1 
which it actually experiences, -consequently it j 
is necessary to ensure that it. is subject to a , 
fair sample of the “wind conditions ’ of the ■ 
immediate locality. Anemometers fixed on 
the ground are intended to measure the wind 
at the surface, but it is impossible to take 
this expression too literally, for at the ground 
itself the speed must he zero and it increases i 


rapidly with height. Apart from that diffi¬ 
culty, however, the measurement of wind 
near the ground is usually subject to effects 
of neighbouring objects which cause local 
eddies. In anemometry the local eddy is 
especially to be avoided, consequently it is 
desirable that the instrument be exposed from 
30 to 40 feet above the top of the. highest 
neighbouring obstruction. If possible, a Hat 
stretch of country should be selected as silo 
for an anemometer, and the instrument should 
be posed at the top of an open-work tower 
or of a pole 30 to 40 feet high. If an anemo¬ 
meter is set up in a place surrounded by trees 
it is found that an exposure 30 feet above 
the tree-tops is satisfactory, hut it is to he 
observed that the eddies caused by tree-tops 
are likely to be much greater than those due 
to a llat ground surface, and are therefore 
likely to extend to a greater height above the 
tree-tops in the former ease than above the 
ground in the latter. 

V. Instruments for recording the 
Deration of Sunshine 

There are two types of sunshine recorder 
which have been in general list* in this country, 
viz. the Campbell-Stokes sunshine recorder 
and the Jordan sunshine recorder. In 
neither instrument is there a clock, for ad¬ 
vantage is taken of the apparent motion of 
the sun to indicate time of day upon the 
records. 

$ (24) ( ’amimiem.-Stokes Ninshine Re¬ 

corder. (i.) Description. - In tin* Campbell- 
Stokes sunshine recorder (2.“>) a liomo- 



Flfi. 25. 


geneous glass sphere, 3 inches in diameter is 
set concentrically witfnn a brass howl which 
forms part of a spherical shell. The howl 
supports the card upon which the record is 
obtained in such a position that the sun’s 
rays are always focussed upon it. A charred 
black mark is produced where the sun s image 
meets the card when the intensity of solar 
radiation is sufficiently strong. Y\ hen the 
recorder is in correct adjustment the imago 
of the sun passes along the card during the 
course of the day, parallel to its edges. Owing 
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to the apparent motion of the sun in declina- | passes through the centre of the bowl, 
tion (hilino the year, the image of the sun bisected at that point. 

is hi«tr upon the howl in winter than in I W..H information regarding methods of 
summer, while at the equinoxes when the sun 
is in the celestial equator its image takes up 
position midway between the extreme 


fl pUSlUWll mum *i' i T 

positions at the solstices. The planes through 
these extreme positions and the centre of 
the bowl make angles of 23J° with the equi¬ 
noctial plane or celestial equator. 

It is therefore found convenient to provide 
three overlapping slots to take throe different 
kinds of card which are used at different 
seasons of the year, as follows : 


'Description of Card. 


Long curved or summer 
Short- curved or winter 

Medium, straight, 
equinoctial 


1'osiMon in 
Howl. 


Pot tom slot 
Top slot- 


Full information regarding methods of 
setting sunshine recorders is given in the 
Observer's Handbook' of the Meteorological 
Office. They depend necessarily upon the 
adjustment of the recorder and fixing if s to 
comply with the conditions (ft), (b) and (r) 
above. Conditions (d) and {<’) are to he 
observed by the maker of the instrument and 
of the record cards. 

(hi .)*Effects of Errors of Adjustment or 
Manufacture.— It- is important to determine in 
what manner and to what extent errors, of 
adjustment or construction 
of the instrument affect the 

Period of Use. | records obtained, and in what 

follows each of the possible 
errors will be considered in 
turn. 


Kith April to 31st Aug. 
131 h Oct. to end of Feb. 


J MkI.IO slut 


! ( 1st March to 12th April 
i| and 1st Scot, to 12th 


(ii. j The Atljinlmenls of Ihe Stniehhie lit- 
conlrr. Consideration of tin- matter will 
colilimi the following eupditioiis to which a 
tfi.ii.li-r which is in accurate adjustment, must 
conform : 

(„) 'I’ll.; centres of (lie glass spl.ero and of 
the bowl must, lie l oiiieilletlt. 

(/.) The plane containing the central longi¬ 
tudinal line of tl.e equinoctial card, when in 
position in the recorder, must pass through 
the centre of the glass sphere, or of I lie bowl, 

and must coincide with ihe celestial equator. 

(,q The vertical plane through the centre ot 
tin- sphere which passes symmetrically through 
tin 

meridian. , 

(,/) The principal focal length of the glass 
sphere for heal rays must be equal to the 
radius of lli| Is.wl measured to tile surface 
of the card when in position. 

(,) When a card is in position the hour 
lines printed transversely across it must he 
in meridians of the celestial sphere corre¬ 
sponding with hour angles of to", .10 , p - 
li(r, etc., measured from the geogra]ihical 
meridian. The linear distance between eon- 
seeutive hour lines on (Jie equinoctial card is 

therefore # 

ir(l 

. n — 


(«) Error of (\mrenlrieUth — 
There are two eases for considera¬ 
tion: (a) Centre of sphere situated 
in the plane through the celestial 
equator, hut displaced from its 
correct position in that plane. 

(/■i) Centre of sphere in the line joining the centre 
of howl to the celestial pole, hut displaced from its 
correct position in that line. Any other case cun 
hr treated as a combination of these two. 

In case (a) the error in recorded duration varies 
in different parts of the scale. The general formula 
for the proportionate error at hour angle //, measured 
from south, is 


cos f) c 


s (0 It), 


when- a- in the (email) displacement of Ihe centre 
ill III- eqllal-iria! plane, I 1 is the angle between the 
direct inn et tin- displacement ill that plane and Hie 
line drawn In Ihe smith. 5 is ihe Min's decimal mil. 


sphere which passes symmeii ic.uiy m. ...-■ , u..c .■ ■■■ 

l„,wl must coincide with the. geographical and „ is the rad,us ol the bow 


r [ hv error over an interval from hour angle /q 
to hour angle lt 2 will he- 


{hi 

. / eos [0 It). dh hours. 


li¬ 


lt i : h«\ ■ h, i -h x 
1 - • sin - - 


-.hours. 


2ir 

24 ' 


12 * 


where « is the radius of the howl measured to 
the middle line of tile equinoctial card. In 
particular, it follows that, the line j""»ng tin- 
points of intersection with the central longi¬ 
tudinal line of the card of the six-hour and 
eighteen-hour hues on the equinoctial card 


Tlie hum will be ill correct position at Hie squinnies, 
|,al il will lie slightly displaced and not parallel 
lo the central while line of the card al other times. 

Il follows from Hie above forilHlIii Hint Hie error 
is numerically greatest in those parts of Hie scale 
where the line joining the displaced centre l" the 
true centre meets Hie curd, and sen. in tin- direction 
at right angles thereto. Tin- recorded duration wall 
lie exaggerated on the whole il Hi- displaced cent Il¬ 
ia south of flic true cent re, and it will he reduced 
if the displaced centre is north of Ihe true centre. 
Thus a displacement of 0-1 inch of the centre towards 
south will increase a twelve-hour sunshine record at 
Hie equinoxes by -V.i hour, since n is 2-8t. inches m 
the standard instrument. 
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In ruse (f'i), where the displacement of the centre 
is along the polar axis, the proportionate error 
is nil upon the equinoctial card, and it will lie 
+ Jx'ain a/u cos (8 — ct)| on tin* summer card and 
— sin a/n eos (5- a)|- on the winter card, where ./• 
is the amount of the displacement measured up¬ 
wards, and a is the semi-vertical angle o( the cones 
of vthich the summer and winter cards, when in 
position, are frusta. For the standard instrument, | 
a==H»‘\ so that the elTce.t of a displacement of i 
0-1 inch of the centre along tin* polar axis introduces 
an error per hour of summer or w inter record of 
0-1 sin a 
2-8(1 cos (6- a) 

which is numerically about ;; initiate for all possible 
values of o. In ease (;i) the burn remains parallel to 
the edges of the card, but it is displaced parallel to 
itself by a distance .»■ on the equinoctial card, ami a 
distance x cos 5 see (a- 5) on the summer and winter 
cards; so that, there is a risk of records being lost 
owing to burns falling on the frame. 

(ft) Latitude, and Lent Error*. —If tin* plane passing 
through the longitudinal median line (central white 
line) of the equinoctial card and the centre of the 
bowl does not coincide with the celestial equator, 
the apparent displacement of the pole of the plane 
can be resolved into two parts : one, ii\, along the 
geographical meridian; the other, di. at right angles 
to the meridian. It- can be shown that the cor¬ 
responding errors, r//» x and dh.,, in the times indicated 
by the recorder, expressed in angular measure at 
the rate of I ' to 4 minutes of time, an given by 

r/ft, - 'l\ . tan 8 sin /i, 

dh., —di (cos \ i sin \ tan 0 eos ft), 

where ft is hour angle measured from noon, 0 is 
sun’s declination, \ is latitude, and </\ and di are so 
small that their squares and higher powers can In- 
neglected. (/ft, vanishes at- noon and also at the 
equinoxes. It, has numerical maxima at sunrise or 
sunset and at the solstices. Thus if d\- 2'. 0 2*1.1 , 

ft -Tpt) 3 (i.e. (i a.m. or t» e.v. local time), dft, is 
nearly equivalent to 4 minutes of time, which is the 
error in the recorded duration from noon to 

For a given latitude, dh 2 has numerical minima at 
the equinoxes ami at (> a.m. and (» e.M., ami maxima 
at noon and at the solstices. If <h '1 J , 

<S-2:U\ and ft. -0’ {i.e. at noon), dh., is equivalent 
to 7} minutes of time. The recorded duration of 
continuous sunshine from 0 a.m. to (.» i\.w. will not be 
alfeeted by this error. 

'1'he error d\ alTects the curvature of the record, 
the burns npjicaring .slightly eurveil upon the 
equinoctial card and not parallel to the edges of 
the summer and winter cards. 

The error di does not affect appreciably 4lie cur¬ 
vature of the records, but it causes a burn to cross 
its true position at. an angle equal to di sin \ sec 8. 
When di - 2 \ — r»f>°, and 8 — 0°, this angle is J-0”. 

In both eases there is risk of the burns pass- 
ing olf the edges of the card, resulting in loss of 
record. 

(r.) Meridian Error. If the vertical plane through 
the centre of the sphere which passes symmetrically 
through the bowl does not coincide with the geo¬ 
graphical meridian, hut makes a small angle dip 
witli it, then the recorded duration is correct, hut 


! the burns are not parallel to the edges of the card. 

! The angle between the actual nml true course of 
a burn is dp eos X see 5. Jf dp-- 2 ’, X~and 
5—23.1', this angle is 1}°. The indicated time is 
incorrect by an amount equal to (12 . dp)fir hours. 
When dp 2°, this is 8 minutes of time. As before, 
there is a risk of loss of record, especially near 
the times when a new type of card is taken 
into use. 

(d) Error in Eor.nl Lent/th. —If the principal focal 
length of the glass sphere for heat rays Is not equal 
to the radius of the bowl, the image of the sun will 
be imperfectly focussed upon the card, and the 
resulting burn will be thicker than is necessary. 
Further, the focussed heat will he distributed over 
the enlarged image, and when radiation is feeble, 
as near sunrise and sunset, some record will, in 
consequence, be lost. 

(r) Errors in Record Cords. —Krrors of printing 
the cards, so that, the scale value is incorrectly 
adjusted to suit the diameter of the bowl, as required 
by condition (e), are obviously important. A 
contracted scale value will lead to excessive records 
of duration of sunshine. Similarly, a bowl of which 
the diameter is greater than the standard, if used 
with standard cards, will indicate too much sunshine, 
and rice rcr*<t. The recorded duration in these 
eases bears to tin 1 true duration 11n* same ratio as 
the actual diameter of the bowl bears to the diameter 
of that howl which is appropriate to the card, as 
defined tinder paragraph ('•) above. 

(iv.) The Record (’aids .---The cards upon 
which the records are obtained should be 
made of a standard substance, in order that 
different records may be comparable. The 
surface of the card must be printed in a 
colour which absorbs beat radiation ; a white 
surface is ineffective, because it reflects most 
of the heal. It appears from experiments 
made that there ri little, if any, difference 
between records obtained from cards of 
different colours. Black would lx* the best 
colour for the purpose 1 , but it would be in¬ 
convenient because the burns are necessarily 
black. Prussian blue has accordingly been 
adopted for use in the* British Isles, and, 
generally, in the .British dominions and 
colonies, 'this colour gives a good contrast 
with black, and it absorbs freely tin? red 
i and infra-red rays which are principally 
concerned. A grey tint is used in the 
Netherlands. 

It will be seen from the above discussion 
that the sunshine, recorder is an instrument 
which is liable to a* large number of errors, 
some of which may he due to the instrument 
itself, or the cards used with it, while the 
remainder are due to faulty adjustment. 

(v.) The weasurcjnent of the records produced 
by the Campbell-Stokes sunshine recorder is 
not free from difficulty. The image of the 
sun which is produced upon the card by the 
glass sphere is not “ sharp,” but has a certain 
area, with an indefinite edge, and the charring 
which takes pla-c when the sun shines occurs 
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throughout this area and also spreads a little 
around it, especially when radiation is intense. 
Thus the length of the burn, as indicated by 
the time scale, of the card, will be slightly in 
excess of the actual duration of sunshine, 
especially when the record is mado up of a 
number of short bursts of strong sunshine 
separated by intervals of heavy cloud. Some 
allowance is therefore made for the “ spread¬ 
ing of the burn” when measuring the records. 
On the other hand, at sunrise antK sunset 
the radiation is always feeble because of the 
absorption in the long path of atmosphere 
through which it has then to pass, and the 
’ area of the burn is reduced to unusually small 
dimensions in the centre of the image. In 
this case it is usual to measure to the 
extreme limit of the Imrn, “ as far as 
it can fairly he seen.” The Observer's 
Handbook should be consulted for further 
particulars. 

§ (25) Tun Jo it dan Sunshine Recorder. 
This instrument consists essentially of a metal 
camera with a slit, through which the sun's 
rays are admitted. The. wall of the camera 
is cylindrical, and the record is obtained on 
a piece of light-sensitive paper of the ferro- 
pnissinto type, which is arranged around the 
inner cylindrical wall, in such a position that 
the sun's rays pass along it throughout the 
day. In a later form there are two cameras 
and two slits, one for the morning, the other 
for the afternoon record. 

This instrument is not recommended 
officially, hut it is interesting as depending 
upon the actinic rays of the spectrum (violet 
and ultra-violet), whereas the Campbell- 
tSlokes recorder uses the heat rays in the red 
and infra-red portion of the spectrum. 

§ (2b) The Night-sky Recorder. 1 —The 
sunshine recorder, by giving information as 
to the duration of sunshine, is useful also as 
indicating the amount, of cloud during the 
day hours. The corresponding indication 
dining the night hours is afforded by the use 
of a. camera which is fixed with the axis of the 
lens pointing to the celestial pole. The 
shutter being opened at night when the sun 
is 10° below the horizon, and closed in the 
morning when the sun is again 10° below the 
horizon, an impression is left on the plate 
of the images of Polaris and o Ursae ATinoris 
and other neighbouring stars for such time as 
they are not. obscured by cloud* The images 
are, of course, in the form of circles centred 
at the image of the celestial pole. This 
instrument is now in continuous operation 
at Greenwich Observatory, and the measure¬ 
ments of the time during which the two 
stars mentioned are recorded as shining are 
published each day in the Daily Weather 
Report. 

1 Q.J.R. Met. Sor. xlvi. 243. 


VI. Instruments for measuring Solar 
Radiation 2 

A measurement of the duration of sunshine 
is obtained by the Campbell-Stokes sunshine 
recorder, but this instrument, gives practically 
no indication of the intensity of the solar 
radiation received throughout the day or 
from one day to another. The intensity of 
solar radiation is a matter of prime concern, 
not on^y to meteorologists, but to the whole 
human race, yet there are very few instru¬ 
ments which can claim to measure this 
quantity with any accuracy. Such instru¬ 
ments are usually somewhat easily deranged 
and also expensive. 

§ (27) Black-bulk /a Vmvo .— The com¬ 
monest instrument used in this connection 
is the blaek-hulb thermometer in vacuo. 
This consists of a mercurial maximum thermo¬ 
meter with its hull) coated with lampblack, 
mounted inside a glass protecting sheath from 
which the air has been exhausted. The instru¬ 
ment is exposed in the open to the sun's rays, 
which are readily absorbed by the lampblack, 
and converted into heat, which is indicated 
by a high reading of the thermometer. The 
purpose of the sheath is twofold: first, to 
protect the lampblack from the weather; 
and secondly, to help provide an insulating 
vacuum which reduces the conduction of heat 
from the thermometer by wind or rain, it is 
usual to assume that the difference between 
the day's maxima of temperature of the 
black-bulbed thermometer and of a thermo- 
meter in (lie seven is a measure of the maxi¬ 
mum solar radiation for the day, and this 
general statement is probably an approxima¬ 
tion to the truth, provided that all black-bull) 
temperatures are obtained from a single 
thermometer. The dillieulty in the use of 
this ifiethod is that readings of different 
black-bulb thermometers, when exposed side 1 
by side, may differ considerably from one 
another, so that the measure of radiation 
obtained in this way is expressed in different 
units according to the particular black-bulb 
thermometer in use The variation appears 
to he due to slight differences in the dimensions 
of the thermometers, in the quality of the 
vacuum, and in the character and thickness 
of the black coating. Considerable numbers 
of these thermometers are in use. 

§ (28) Angstrom Compensating Pykhklto- 
meter. The instrument for the measurement 
of solar radiation, which has been adopted as 
standard by the International Meteorological 
Congress (Innsbruck, 1905), and bv the Inter¬ 
national Union for Go-operation in Solar 
Research (Oxford, 1905), is the Angstrom 

! See also “ Radiant If eat and its Spectrum Dis¬ 
tribution.” •• Radiation,” “Radiation, Measurement, 
of Solar, etc.” 

2 L 
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pyrheliometer. In this instrument solar radia¬ 
tion is received alternately on two thin strips 
of metal, coated with black. To the hack of 
each strip is attached a sensitive thermo- 
junction, and the two junctions are connected 
together through a sensitive galvanometer. 
Thtvjunctions are electrically insulated from 
the strips, but are placed so close to them that 
they take up their temperatures. cAn electric 
current can be passed through either strip 
as desired. To make an observation, one of 
the strips is exposed to solar radiation, and a 
current is passed through the other (which is 
then shielded from radiation), the current 
being adjusted so that the temperatures of 
the strips arc equal, as indicated by absence 
of deflection of the galvanometer. The 
current is varied by means of a rheostat and 
measured by a milliamperemeter. Assuming 
that the solar energy received by the exposed 
strip is equal to the electrical energy com¬ 
municated to the other, it is easy to determine 
the former in terms of the measured strength 
of the current and the constants of the strips 
(viz. dimensions, absorbing power of blackened 
surface, and resistance per unit length). 

§ (29) Other Arsolutk I’yrheliomf.tkks. 1 
—Abbott and Fowle have also constructed 
absolute pyrheliometers of different designs, 
which have been employed in a number of 
important investigations. 

§ (30) SlLVER-DlSU AND MlOHELSON PVR- 
hf.uo mete its.—Accurate, hut not absolute 
instruments for determining the intensity of 
solar radiation are the silver-disc pyrhelio¬ 
meter and the Michelson pyrheliometer. In 
both of these instruments solar radiation is 
absorbed by a receiving surface, and the 
increase in temperature of that surface is 
suitably measured. These instruments need 
to bo standardised by comparison with 
absolute instruments before the readings can 
be expressed in absolute units. 

§ (31) Cali.espar Radiation Recorder.— 
As usually constructed this instrument gives 
a continuous record, with the assistance of a 
Callendar electric recorder, of the vertical 
component of radiation received from sun 
and sky. The receiver consists of two resist¬ 
ance wires coiled on a horizontal mica frame 
placed inside a small glass bulb, one wire 
being bright and the other black. The 
recorder measures and records simply the 
difference of temperature between the coils. 
Each receiver is calibrated before issue, so 
that the chart upon which the record is 
obtained can be ruled to show absolute values 
in watts per square centimetre. 

For information regarding other instruments, 
past and present, for measuring solar radiation, 
a paper by R. S. Whipple, in the Transactions 

1 See also “ Radiant TIcat and its Spectrum Dis¬ 
tribution." 


j of the Optical Society , London, 1915, should 
he consulted. 

| § (32) Ether Differential Radiometer. 

—This is an instrument recently designed by 
| W. H. Dines, JAILS. 3 The purpose of the 
j instrument is to determine the radiation from 
the sky by finding the temperature of a full 
! radiator which produces the same radiation 
j effect upon the instrument as the actual 
radiation from the sky. The instrument 
consists of an ether differential thermometer, 
onq bulb of which is exposed to the sky, and 
; the other to a source of heat or cold, which 
! is radiating fully, of which the temperature 
is measured. When a balance is secured the 
temperature of tlu* radiating source is the 
, equivalent radiative temperature ” of the 
skv. At night the mean radiative tempera¬ 
ture is stated to vary in England fiom about 
! - 20° F. in winter to about + 15' F. in summer 
: on clear nights, in order to overcome the 
j practical difficulty of providing radiators at 
these low temperatures there is an arrange¬ 
ment whereby the bulb, which is normally 
exposed to the sky, is only partially so exposed, 

> tho remainder of the bulb receiving radiation 
from a warm source which is provided. The 
combination of cold and warm radiations upon 
this bulb can be balanced by a radiation upon 
: the other bulb which is derived from a source 
of intermediate temperature. The apparatus 
is arranged so that the calculation of the 
equivalent radiative temperature of the sky 
| can he performed without difficulty with the 
aid uf tables. 

VIf. Instruments for determining the 
.Motion of Clouds 

§ (33) Nephosooces. Information regard- 
! ing the direction of motion and speed of 
; clouds is regularly obtained at meteorological 
observatories, and to secure this some form 
I of nepho.yeopo is used. Nophoscopes arc of 
i two kinds- -(a) direct vision, and {b) reflection 
! instruments. In the former the observer 
i watches directly a definite cloud, choosing 
, the cloud so that he can conveniently interpose 
i the indicating part, of the nephoscope between 
his eye and the cloud ; in the latter a mirror 
is ruled and divided to provide the indicating 
! part of the instrument, and the observer 
I watches t he inmye of a cloud pass across the 
; mirror. 

j (i.) Besson and Fineman N epho,scopes.- In 
this country two types of nephoscope are in 
general use, one of each of the above kinds. 
They arc the Besson comb nephoscope (direct- 
vision instrument) and the Fineman nepho¬ 
scope (reflection instrument). For details 
The. Observers Handbook, published by H.M. 
•Stationery Office, should be consulted. 

* Q.J.R. Met. Sor. xlvi. 399. 
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Nephoseopes enable an observer to deter- ' 
mino the direction of motion of the cloud, j 
but no nophoseope can of itself permit an j 
observer to determine the absolute speed of i 
the cloud; all that is possible in the absence I 
of further information is a determination of 
tho ratio between the speed and the height 
of the cloud, i.e. the angular velocity of the 
cloud about a point on the ground vertically 
below it. 

(ii.) Principle of Nep/mscope s.— Tho prin¬ 
ciple of the nephosoopes is the same, and may 
bo briefly stated thus.' Five points in space 
are considered {Pig. 2(»); two (A and IS) 

A represent the two positions 

T at the same height of the 

/ y cloud under observation at 

/ y the beginning and end of a ; 
/ y convenient interval of time, 

D / y a third (0) is a fixed point, 

[yz while the fourth and fifth 

Y (I) and K) are points in a 

Fin. 20. horizontal piano near (■, , 

and at a known vertical 
distance from (', lying in tho two lines CA 
and (M3. Since A13 is also horizontal it is 
clear that 1)1*3 is parallel to A13. Further, if 
h is the height of the cloud above C, and 
is the vertical distance of the horizontal plane 
containing J) and 13 from (J, then 

A13 DI3 

h K' 

Thus 1)13 is the direction of motion of the 
cloud, and since the length A13, in conjunc¬ 
tion with the time taken by the cloud to pass 
from A to 13, measures tin* speed of the cloud, 
the above equation gives the speed-height- 
ratio in terms of the speed along 1)13 and the 
known quantity h 0 . 1)13 is in the indicating 

part of the instrument, and the direction of 
1)13, and the speed along 1)13, are both measure- 
able with the help of the instrument and a 
stop-watch. It will he seen that if A, the height 
of the cloud, is otherwise known, the absolute 
value of the speed of the cloud can be deter¬ 
mined. 

§ (:14) (3amkka OitsouRA. — A simple and j 
effective instrument for observing clouds in i 
the zenith is provided by a “ camera obseura," j 
with a revolving ground glass or screen placed 
in the focal plane of tin* lens. The ground 
glass should lie ruled with* a number of equi¬ 
distant parallel lines. An ordinary camera | 
serves quite well for the purpose, if fixed with I 
lens axis vertical, the lens being above the j 
ground glass. The camera *is focussed for | 
“ infinity ” and the ground glass is rotated j 
until the image of the cloud appears to move ! 
parallel to tile lines ruled on the glass. The | 
direction of the lines giyes at once the direction j 
of the eloud motion. The speed-height-ratio j 
can be determined by noting the time required 1 
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by the image to traverse a distance on the 
ground glass equal to a convenient fraction 
(say J///) of the focal length of the lens. If 
that time is t seconds, then Ihe speed-height- 
ratio is 1 jut see.’ 1 , i.e. 1000 jut milliradians per 
second. 

§(35) Dakwin - Him. Mirror. — Another 
instrument of this type is the Darwin-11 ill 
mirror, 1 whih is a sheet of plate-glass, f>0 cm. 
square, silvered on the. back, which is fixed 
in a luyi/onfal position ami ruled in centi¬ 
metre squares. A movable eyepiece is pro¬ 
vided 10 cm. above the surface of the glass, 
through which the reflection of a cloud can 
be viewed. The eyepiece being set vertically 
above a definite intersection of the lines on 
the mirror, the time is noted, and by means 
of a stylographie pen the course of the cloud, 
as defined by the intersection at the mirror- 
surface of the lino of sight from the eye to 
the cloud-image, is marked upon the mirror. 
Equal intervals of time are shown by cross- 
marks upon the course as drawn on the 
mirror, and in this way the co-ordinates x 
and g of the apparent position of the cloud on 
the minor, referred to the horizontal axes 
on the mirror passing through the point 
vertically below the eyepiece, can be written 
down in centimetres. If 11 km. is the height, 
of the cloud, and X and V km. are its actual 
horizontal distances from the vertical at the 
point of observation, measured parallel to the 
axes defined above, then it is clear that 
11 : X : Y 1<> : .r : //. 

lienee the direction of the marked course on 
the glass is parallel to that of the cloud, and 
the rate of progress upon the marked course 
is to the speed of the cloud as 10 is to 11. 
Two such mirrors can Is* used at the ends of 
a measured base line to observe the same cloud, 
and a Comparison of the co-ordinates obtained 
on the mirrors for simultaneous observations 
of the cloud will enable a determination of 
the height of the cloud to be made. For, using 
swllixes 1 and 2 to denote corresponding 
quantities measured from the two mirrors, 
we have 

IL: X t — 10 : a*!, 
and H:\V-10:r r 

I’ll us H : X, - X 2 — 10 ' .*‘j — .»*«. 

If the axis of x be chosen to be in the direction 
of the line joining the mirrors, then X, - X., D, 
the length of the measured base line in kilo¬ 
metres, thus 

II: D 10 : x l r.>, 

which is an equation for finding IF. It is, 
however, difficult to be quite certain that 
both observers are. dealing with the same 
port-ion of eloud, even if they are in 
telephonic communication. The method is 
1 See “ Position-Finder, The Minor," Vol. IV. 
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effective for rapidly finding upper-air currents 
on a clear day, provided means is available 
for projecting vertically a shell which is timed 
to burst and produce a visible puff of smoke ; 
at about the desired height. 

VIII. Various Instruments for Use 
on Aircraft 1 

# 

§ (30) Meteorograph for Kite Balloons. 
—A meteorograph for kite balloons has been 
devised at the Royal Aircraft Kstahlishment, 
and is used with success. It consists of a 
number of separate instruments (altimeter, 
thermometer, aeroplane com [kiss, fan anemo¬ 
meter) mounted upon an aerofoil, 'I he indicat¬ 
ing dials or scales of the instruments aio 
brought together upon a vertical partition 
arranged athwart the aerofoil, and a small 
camera with a kinematograph film is lixed in 
the aerofoil in such a way that a composite 
photograph of these indicators can he secured. 
By a clockwork mechanism exposures arc 
made at regular intervals throughout an ; 
ascent. The aerofoil is suitably mounted upon 
the cable of the kite balloon, sufficiently far 
from the balloon itself to be free from the large 
disturbing influence on the wind which is 
produced by the balloon, and its shape ensures 
that it is always correctly oriciuated to agree 
with the prevailing wind direction. Con¬ 
sequently the aeroplane compass correctly 
indicates the wind direction at the position of 
the aerofoil. From the series of photographs 
on the film it is easy to draw up a table 
showing corresponding values of tempera¬ 
ture, wind direction, and wind speed at 
the different heights attained, since each 
photograph shows clearly simultaneous read¬ 
ings of each of the instruments. 

§ (:I7) The Aeroplane I’syuhrometf.r is a 
combination of dry- and wet-bulb thermo¬ 
meters which is used for obtaining observa¬ 
tions of temperature and humidity in the 
upper air by the pilot of an aeroplane. 1 he. 
cockpit of an aeroplane is an unsuitable place 
for measuring air temperature, since conditions 
there are affected by various sources of er ror, 
of which the heat from the engine is the chief. 
It is necessary to expose a thermometer for 
obtaining air temperature on a strut upon 
the wing of the machine in order to secure a 
good exposure, and a thermometer so placed 
may he 4 feet or more distant from the 
observer. Some means of magnifying the 
stem and scale is therefore required to enable 
readings to be made. The earlier aeroplane 
thermometers were spirit thermometers, the 
liquid being coloured deep red and the bulb 
being large in relation to the bore of the tula-, 
so that the scale was very open, about 5° I'. 

1 See also Vol. V., “ Instruments for Use in Air¬ 
craft.” 


to the inch. The stem was made of lens- 
fronted glass, which magnified the bore 
laterally but not longitudinally, and the 
mount of the thermometer was a large block 
of wood, of which the back was hollowed to 
lit the strut, while the front was painted white 
with black graduations and figuring for the 
thermometer scale. The bulb was surrounded 
by a metal ** honey-comb ” bounded by a 
sheet of bright metal so arranged that when 
fixed to the machine air passed freely over 
the. bulb, but direct solar radiation could not 
reach it. This thermometer was easy to read 
from the pilot’s seat, but it suffered from the 
disadvantage that it was sluggish in notion, 
and was therefore unsuitable for observations 
of temperature when the machine was climb¬ 
ing or descending rapidly. 

The more modern instrument consists of 
an ordinary mercurial thermometer with a 
small bulb tixed upon a porcelain mount, 
'file graduations are on the stem of the thermo¬ 
meter. The scale value is not particularly 
open, but is about IS F. to the inch. Such 
a thermometer is much more sensitive to 
changes of temperature than the large-bulbed 
spirit thermometer just described. J o render 
it readable at a distance <>f 4 teet a 2-incli 
diameter lens, of 
focal lenglh 
about 4 inches, 
is mounted oil a 
slide in front of 
it, the axis of 
the slide being 
parallel to the 
stem of the ther¬ 
mometer, and a 
two-string or a 
Bowden - wire 

control is pro- 
; vided so that 
the lens can be 
moved up or 
down by the 
observer until 
the end of the 
mercury column 
and the scale in 
the immediate 
vicinity »»f it are 
: seen in the field 
of view, when 
i reading is easy. 

I A second thcr 
| mo meter is 
mounted along- 1 
1 side the first to 
act as wet bulb, and a similar reading 
lens is provided for it, the two lenses being 
arranged in the same sliding mount and 
; moved together. The’bulbs of the thermo- 
i meters are not protected specially from radia- 



Fui. 
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tii>n since the ventilation experienced is in 
general suilicicnl to counteract radial ion 
effects. In any doubtful ease it is not difficult 
to manipulate the machine so that the thermo¬ 
meters are in the shade of the wings while 
observations are made. Fig. 27 shows the 
arrangement. 

Special tables for obtaining relative 
humidity, vapour pressure, etc., from the 
dry- and wet-bulb readings are used, to suit 
the special conditions of ventilation to which 
the thermometers are subjected. 

§ (’{8) Dobson Bakothkumookaimi. — A 
useful instrument for use on aeroplanes is 
the Dobson barothonnograph, which records 
temperature as a function of pressure as the 
Dines balloon meteorograph. 1 The scale, 
however, is not. microscopic, but readable 
without special appliances oilier than a trans¬ 
parent celluloid scale, which is ruled to show 
isobars and isotherms in two series of curves 
intersecting approximately at right angles. 
Pressure is measured by two parallel sets of 
aneroid boxes, of which the terminals move 
in opposite direel ions and are. connected to 
a cross-lever which is pivoted at a point 
midway between the terminals. The sets of 
boxes therefore assist each other so far as 
rotation of the cross-lever due to change of 
pressure is concerned, but any inertia effects 
due to vibration of the engine of the aeroplane 
are cancelled, because they are felt as equal 
and opposite forces on the two sets of aneroid 
boxes. The temperature clement is a bi¬ 
metallic coil of steel and brass of the usual 
type placed in a cubical cell which is provided 
with numerous ventilation holes on three of i 
its faces. The cross-lever of the aneroid ] 
system and the arm of the thermograph are 
connected together by a system of jointed 
rods with a writing-point at the middle joint 
of the system. The result is that the isotherms 
are very nearly circles described about a series 
of definite positions of the end of the thermo¬ 
graph arm, and the isobars are nearly circles 
described about a series of definite positions 
of the end of the aneroid cross-lever arm. 
The joints are jewelled to eliminate friction 
and all the moving parts are very carefully 
balanced to eliminate blurred records due to 
engine vibration. The records are made by 
a sharp metal point writing on a smoked card, 
and are “ fixed ” before tabulation by flowing 
a quick-drying lacquer over tln> surface. The 
case of the instrument is stream-lined and 
arranged for attachment to a leading edge 
of a plane. • 

The scale values are approximately as follows: | 
10 mb. 10° F. 4 mm. From a tabulation of j 
pressure and temperature which is made direct i 
from the record it is # easy to draw up a corre¬ 
sponding tabulation of temperature at definite 
1 Sec “ Air, Investigation of Upper,” § (7). 


heights, using the barometric formula or its 
equivalent in table or diagram form. 

Figs. 28 and 20 are a view of the instrument 
and a reproduction of an actual record. The 



A, bimetallic t hermometer, emit rolling lever It ; 
Jineroill boxes of barograph, emit rolling lever l>. 
K, lixed pivot; i.'KK. hell-crank lever; <M‘\ K I,. 
It I . jointed rods; P. pen. 

latter shows separate curves for the ascent 
and descent. 

It will be noticed that this instrument- is 
well adapted for obtaining air densities. 



Density depends upon pressure and tempera¬ 
ture only, consequently lines of equal density 
could also he drawn upon the celluloid scale, 
with the aid of which a tabulation of pressure 
or temperature or height against density could 
l>e made. A knowledge of the density at 
different levels is important in gunnery. 
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JV1ETEOROLOGICAL OPTICS 

§ (1) Introduction. —'ITic* study of meteoro¬ 
logical optics is concerned with (hose pro¬ 
perties of light which depend oil the-atmosphere 
and'on the occurrence of dust, water, or ioe 
suspended in it. 

More or less complete account^ of various 
phenomena coming withii. the province of 
meteorological optics are to he found in 
treatises on light, notably in the Traitt 
d'optitjnr. of M. E. Mascart (Gauthier Villars, 
1H93). The most exhaustive account of the 
subject, is in Metcoroloyische Optik, a work 
which was mostly written by .J. M. Pointer 
and was completed by bis pupil F. M. Exiier 
(Braumiillcr, Wien uml Leipzig, 1910). 1 It 
should be noted, however, that some of 
Pern ter and RxiuTs work requires revision 
in the light of modern knowledge, and, more¬ 
over, that there are still a certain number of 
phenomena which have not yet received satis¬ 
factory explanation. Amongst short, summaries 
of the subject that of Humphreys (I’fij/sicx of 
the Air, Philadelphia. 1920) must he mentioned 

Notes for the use of observers will he Iouml 
in the Oh.srrrers Handbook of the .Meteorological 
Oltice. These are based on instructions pre¬ 
pared by .1. M. Pender for the International 
Meteorological Committee. 

$ (2) Tins Aitarext Form ok the Sky. 
The actual boundary <>f the atmosphere 
bring indefinite and the heavenly bodies 
seen in the sky the sun by day and the 
stars by night being practically at an 
infinite distance, it might he supposed that 
the sky would seem to he at the same distance 
from an observer in all directions. This 
is not the. case, however. 'The sky seems 
nearer overhead than close to the horizon; 
constellations, as well as sun and moon, appear 
to he larger when low down. The apparent 
form of the sky is to most people a segment 
of a sphere. 'The. ratio of the dimensions of 
the segment can he estimated by judging the 
position of the middle points of ares on the 
sky and determining instrument-ally the angles 
the arcs subtend to the eye. For example, 
the elevation of a point which to the eye 
appears as the middle point of the arc from 
horizon to zenith is found to be about 22', 
whereas if the sky were a hemisphere the 
middle point of such an arc would have had 
an elevation of 45° The observations are 
consistent with the assumption that the 
apparent distance of the horizon is about four 
times that of the zenith. 

The explanation given by Humphreys for this 
curious phenomenon is that when looking at clouds 
we realise that the clouds overhead am actually 
nearer to us than those at less elevation. Hven when 
1 A second edition has just appeared. 


['the sky is blue one accepts it ft# a slightly curved 
surface: the heavenly bodies seem to he embedded 
! in this surface rather than far beyond it. Homo 
I theorists have put forward a more elaborate oxpluna- 
j tioti according 1o which the scale to which the mind 
j refers the size of distant objects depends on the 
position of the eye in its socket. A simple illustrative 
experiment is to gaze for a few seconds at the sun 
| when it is not too bright. On turning away from 
\ the sun complementary images ap|>ear on the tired 
; retina. Huch images are said to look large when 
| near the horizon and diminish as the eye is turned 
upwards, but in the experience of the present writer 
! this is not the ease, so that, for his eyes at any rate, 

■ the explanation breaks down. 

| This physiological or psychical phenomenon, 
hits to be remembered when various observa¬ 
tions are reviewed. It explains tlie great 
: apparent height of mountains, which appear 
; to shut o(T half the sky when their elevation 
: is only 22°; it makes the (‘rids of a rainbow 
: appear wider than the middle, and makes a 
i halo, when seen round a low sun, elliptical 
rather than circular. In the routine of 
practical meteorology it probably leads to 
; exaggerated estimates of the proportion of 
the sky that is cloud-covered. 

§(:{) Refraction in the Atmosphere. —'The 
atmosphere being a medium whose density is 
not uniform, light is propagated through it 
not in straight lint's hut along curved rays. 2 
' How this happens may he pictured most 
! readily by reference to the wave-theory of 
: light. Suppose a wave to he advancing from 
a distant source of light at nearly the same 
level as the observer, the upper and lower 
parts of the wave will he in air dilTering 
: slightly in density, ami the upper part will 
: generally move the faster. Accordingly the 
* wave front will rotate, and the light reaching 
i the observers eye will seem to come from a 
I point above the actual source. A useful 
! analogy is that of sea waves which wheel 
round when one end, being in shallower water, 
moves more slowly than the other. 

1 The radius of curvature of a ray may bo calculated 
from the formula 

1 d/’/da | di a/(\p 
r v p 

in which r is the required radius, r is the speed of 
i light., p is the index of refraction, and dw is measured 
at right angles to the ray from the lighter to the 
I denser medium. .» 

! It follows that if as is usual, the distribution 
i of density i# symmetrical and the ray is therefore in 
| one plane throughout its course, the total rotation 
[ of the wave front is given by the equations 

J p d« ./ p 

in which f denotes the angle between the ray and the 
normal to a surface of equal density. 

i Sts* “ Trig* nometrieal Heights and Terrestrial 
and Astronomic Refraction.” 
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§ (4) Astronomical Refraction. — The 
displacement of the stars by refraction is of 
great importance in observational astronomy, 
and much attention has been given to the 
estimation of its magnitude. 1 

To evaluate the displacement theoretically 
we may use the integral obtained in the last 
paragraph. 

To a iirst approximation 

0 (^ 0 - 1) tan 

where f is the zenith distance of a star and 
./x 0 is the index of refraction of the air at gnuind 
level. 

When a second approximation is required 
the curvature of the atmosphere must be 
allowed for, and the following formula is 
obtained 

0 - (.' tan (j‘-A 0), 

"'hero <: )(.'!- 

A ( , "i k 5- 

R being the radius of the earth and H the 
height of tin* homogeneous atmosphere. 

A formula of this type was given by Bradley ; 
the theoretical evaluation of the coefficients 
appears to be due to Rayleigh. 

The value of the constant A determined 
by Biot and Arago from astronomical observa¬ 
tions is 3-2f>. Rayleigh s theory would give 
a somewhat higher value. The constant- (' is 
OO t) seconds or nearly -0003 radian. 

The following table (after Bessel) gives the 
correction for refraction at 700 mm. and 
S'5" (!. : 




Zfiiil.li 

Distinui* 

. .. 

10’ 

10" 

00’ 

100" 

■M 

21 

70 

J57 

:i<> 

33 

80 

3 JO 

to 

48 

85 

580 

50 

0!) 

00 

2094 


§ (5) RisiN(« and Setting of the Heavenly 
Bodies. —It will be seen that according to 
the preceding table when the zenith distance 
of a heavenly body is apparently 00' its 
actual distance exceeds 00‘ by 2001" or 35'. 
This correction is greater than the apparent 
diameter of sun or moon, so that when either 
of these luminaries is s^en on the horizon its 
geometrical position is completely below that 
level. 

In estimating the time of sunrise the 
practice of meteorologist* * is to allow for 
refraction and go by the time at which the 
centre of t he sun is on the horizon ; the true 
distance of the centre of the sun from the 
zenith is assumed to be 90° 34'. 

1 See “ Trigonometrical Heights,” Hr. 

* International Meteorological Tables, p. B. h>. 


j It should bo remarked, however, that any 
■ unusual distribution of temperature may 
j modify the course of the sun s rays and 
occasion a distortion of the image, and the 
| time of sunrise or sunset may be affected by 
. many seconds. 

§ ((») The Oreen Ray. —When the sun sets 
| under favourable conditions the last glifnpso 
I of it is coloured a brilliant green. The 
| phenomenon and the corresponding one at 
1 sunrise arc explained by the unequal refraction 
of light of different colours, 
j § (7) Refraction in Survey Work. ---An 
1 important part of the accurate survey of a 
: country lies in the determination of level. 3 
; To ascertain the difference of level between 
j two spots the observer has two graduated 
j staves set up and views them from an inter- 
J mediate position. The instrument hi; uses is 
: provided with a telescope which can rotate 
j about a vertical axis, the optical axis remain- 
| ing horizontal, and he examines the two slaves 
in turn, ascertaining the graduations which 
appear to be at the same level. The most 
satisfactory time of day for surveying is when 
the sun is low, as the air is least turbulent, 
but at such times the layers near the ground 
are considerably cooler than those above and 
the rays of light are not straight but curved 
with the convexity upwards. In the oircum- 
, stances the staff-graduations which a]>pear to 
be at the same level are really at different 
heights. The error introduced in this way is 
quite appreciable, but it can be eliminated by 
arranging the routine of observation so that 
positive and negative errors cancel one 
another. 

The error in a single observation may l>o computed 
; by the formula 

! j ** • i * 2 <1T 

6 “ fx d/i * “ 10° d/t’ 

! where s is the distance from telescope to stuff. 

/i is the index of refraction of the air. 

T is the temperature on the centigrade scale, 
h is the height above ground, and 
e is the error in I he observed height in so far 
as it is due to the cause umler discussion. 
Any. the same, unit may be Used for t, -s\ and h. 

§ (S) The Distance of hie Horizon.— 
The distance of the horizon which bounds the 
j field of view of an observer looking over the 
: sea or a level plain depends to a certain extent 
j on the meteorological conditions. 

| The horizon is determined by the cone of 
j rays which reach the observer’s eye having 
originated as tangents to the globe. If the 
j air were of uniform density these rays would 
he straight lines, and in that case the distance 

* See " Surveying and Surveying Instruments," 
§§ (31), (32), Vol. IV., also “ Trigonometrical Heights, 
etc." 
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of the horizon could be found from the simple j 
formula 

•S ’ 0 — s'2/iU, 

in which h is the height of the observer and R 
the radius of the globe, whilst the depression 
of the horizon, i.c. the inclination of the rays I 
as received by the observer, would be <> 0 , given 
by the relation J 

. /a*. • 

°" \ if 

When the air is not of uniform density the | 
horizon is still determined by rays which i 
start as tangents to the globe, but these rays 
are curved instead of being straight. If the j 
air is warmer below than above, the rays 1 
curve upwards, and the distance of the horizon 
corresponding with a given height of the 
observer’s eye is decreased. At the. same 
time the inclination of the rays received by 
the eye is increased. On the other hand, 
when the lapse-rate 1 of air-density is high, 
as, for example, when there is warm air over 
cold water, the horizon may be very consider¬ 
ably raised. 

A classical instance of t he latter phenomenon 
occurred on duly 20, 1797, when the whole 
French coast from Calais to St. Valery was 
seen from the shore at Hastings. A good 
example of the former effect is the observation 
of Cook, who, in 17711, saw a large iceberg 
disappear below the horizon as the result, of 
the lowering of air temperature on the passage 
of a snow squall. 

The depression of tin* horizon is given by the 
formula 


where h is the height of the observer’s eye. It the 
radius of the earth (<i*4 • 1 u b m»), 'I' is the temperature 
(centigrade) at the ground level on the actual horizon, 
T w is the temperature at the observer's eye, and 5 is 
the depression in radians. 

In the theoretically simple case of n uniform 
lapse-rate of temperature 



and in this case the distance of the actual horizon i 
is found from the relation 

s=358oV/£l +3-2‘^ j. 

the unit of length in these formulae being tin* metre, j 
Lonmiriy. —The word looming is used for j 
an illusion which makes objects appear j 
bigger than they are.. When conditions are j 
favourable for increasing the distance of the i 
horizon the vertical scale of distant objects ! 
is also increased and they “ loom,” but this j 
is not the only possible cause of looming. 

1 See “ Atmosphere, Physics of the,” § (f»). i 


§ (9) Inferior Miracje.— When the air 
very close to the ground is much heated it 
may happen that rays of light can pass into 
this lowest layer and curve upwards again. 
In such circumstances an observer will receive 
the same impression as if the rays had been 
reflected from the surface of water; when 
lie can thus see an object and its inverted 
image he is said to observe a mirage ; that 
term is used somewhat loosely, however, for 
other kindred phenomena. The illusion of the 
presence of water is frequent, but it does not 
alw'ays occur. 

In the diagram (Fig. 1), which is drawn with 
the vertical scale enormously exaggerated, () 
represents the eye of an observer, 8 the 
actual position of a conspicuous object. The 
observer sees the object directly at 1* (he is 



Km. I.—Production oi Inferior Mirage. 

unconscious of the fact that B is slightly 
below IS) and an inverted image at 1^. The 
condition for the mirage to be possible is that 
light can pass from >S to () by two different 
paths. The illusion of the presence of water 
is assisted by the reflection of the sky B above 
S. This is seen in direction ()L. It may not 
be produced if the effective background behind 
S consists of sand-hills instead of sky. 

When the sheet of water is apparently 
present its near edge will In* determined bv 
rays which almost graze the ground. The 
illusion of reeds growing by the water-side is 
produced by the vertical extension of the 
images of pebbles which happen to be suitably 
placed (as at T in the diagram). 

It has been mentioned that a rapid increase 
of air density - from below upwards leads to a 
narrowing of the horizon; the horizon in this 
sense is reallv identical with the near edge 
of the sheet of “ water,” but it may happen 
that it does look like the oi dinary horizon, 
and in such circumstances an object beyond 
the horizon ” and its reflection or mirage 
may ho merged and seem to float in the 
air. 

Though typical of, tropical deserts, mirage 
is not infrequently to be observed in 
England. Excellent examples have been 
seen on level wood pavement in the London 
suburbs, wide, reals appearing to bo com¬ 
pletely flooded. 

2 Wh**n air is heated by contact, with a hot sur¬ 
face the pressure, which Is determined by the weight 
of the superincumbent atmosphere, Is not altered, 
but the density is reduced, ln.spite of the convection 
currents the average density of tin* air very close to 
the ground is lower than that of the air above it.. 1 
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The same type of mirage can occur at sea; ! 
much more frequently it happens that when | 
a distant coast is looked at a bright whitish 
strip is seen along the sea-horizon in front of 
the coast. To the casual observer the strip 
scorns to be the actual shore. In this case 
the mirage or reflection of the land is of little 
depth and is not noticeable, the bright strip 
is the reflection of the sky. The phenomenon 
is an indication that the sea is warmer than 
the air above it. 

Shimmering .—An invariable accompaniment j 
of the inferior mirage seen over a hot land ■ 
surface is shimmering, a tremulous movement 
evidently due to refraction through the 
irregular boundaries of the convection currents. 
It is not uncommon, especially among rille- ! 
men, for mere shimmering to he spoken of 
as mirage when no true mirage is to be 
observed. It will be noticed, however, that 
a shot directed along the line of sight, OP of 
Fit/. I, would pass below the target S, so 
that in such circumstances it is necessary to 
aim high. 

§ (10) Superior Miraue. - Another type of 
mirage is that in which the reflecting layer is 
above the observer. The necessary condition ' 
is an exaggerated falling oil of air density at. ! 
a certain height, implying a sharp “ inversion j 
or increase of temperature with height. In 
this case the object, is seen inveitcd, and 
frequently there is an erect image above the 
inverted one, indicating that three alternative 
routes are available for the light from object 
to observer. The most, striking examples of 
tin* phenomenon have been reported from 
the Arctic regions ; on one occasion a ship 
twenty-eight miles away, and therefore far 
below the horizon, was seen reversed in the 
air and actually recognised. 

In the diagram (Fig. 2) LiC is the layer in 
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which the lapse rate is high and the rays are j 
curved —t he curve is a "parabola. The ray : 
which reaches the observer () a* if coming from j 
1* appertains to an inverted image, that Jrom i 
Q to an erect one. 

Fata Morgana.—Fata Motgana. is the Italian 
name for Morgan the Fairy, the legendary 
half-sister of King Arthur. The mirage seen 
across tin; Straits of Messina suggested to the 
poetical palaces in tjic fairyland where l*ata 
Morgana reigned, and her name is now given 
to mirages seen in like situations where there 


is much distortion and repetition of images. 
In such cases superior and inferior mirages 
may be produced simultaneously by interlacing 
currents of air. 

§ (11) Scintillation or Twinkling op 
Stars. — Every one is familiar with the twink¬ 
ling of stars, a rapid and irregular fluctuation 
of the coloc as well as of the intensity of the 
light. The nearer the horizon the more 
vigorous the twinkling. Except when very 
near the horizon the planets do not twinkle 
appreciably, but their images, like those of 
the sun and moon, when seen in the telescope 
exhib’t an analogous phenomenon, a rippling 
of the contour. The spectrum of a twinkling 
star shows light and dark bands which 
move sometimes in succession iroin the 
violet to the red or vice, versa and sometimes 
oscillate. 

The explanation of scintillation is found in 
the iiregularities in the distribution of tem¬ 
perature and humidity in the air ; the surfaces 
of equal index of refraction an; not everywhere 
flat and horizontal but twisted into all sorts 
of irregularities, so that the atmosphere may 
he regarded as containing Haws, and the fronts 
of the waves of light on their way from a star 
to the eye do not remain plane. If such ir¬ 
regularities did not occur, the pencil which 
just fills the pupil of the observer’s eye would 
have throughout its course a cross-section 
equal in area to the pupil. In the actual 
atmosphere the cross-section of the pencil as 
it enters the atmosphere must vary, and, 
therefore, the amount of energy entering the 
eye fluctuates. Moreover, the path of the. red 
light which reaches the eye is not quite so 
much curved as that of the violet light (the 
paths iiiiiv he separated by a metre or more), 
and the tluctuatioiis in the brightness of 
different colours will he more or less in¬ 
dependent. The theory explains not only the 
ordinary direct observations of twinkling but 
the passage of the bright and dark patches 
in the spectrum. The regular movement of 
these patches shows that the “ tlaws in the 
atmosphere move mostly in one direction, 
which can be shown to be from west to east. 
How it is that the movement is slow enough 
to he visible does not seem to have been 
adequately explained. 

Shadow Bands. — Another phenomenon 
which has been explained bv the movement, 
of these “ Haws ” in the atmosphere is observed 
just before the totality of a solar eclipse, when 
a white wall, for example, may look as if light 
reflected from a rippled water surface were 
falling on it. 

§ (12) Diffraction. The Colours of the 
Sky. — Dol'd Rayleigh’s theory 1 provides a 
general explanation of the blue of the midday 
skv. To explain the appearance of red and 
1 See “Scattering of Light,” Vul. IV. 
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other shades at sunset the absorption, or i 
rather the extinction, of the light, either before 
or after the diffraction to which the colour is I 
mainly due must he allowed for. The short j 
waves which arc produced most freely when j 
the sunlight is incident on the atmosphere j 
are ylso scattered most readily on their passage j 
through the lower strata. 

To estimate the brightness of Hie light of 
any colour reaching the eye from a particular j 
elementary portion of the atmosphere, the 
intensity of the same colour in the original 
beam from the sun must he multiplied by j 
three factors. The first represents the pro¬ 
portion of the light which gets as far as the j 
diffracting element, the second the fraction j 
which is diffracted there, the third the pro- I 
portion of this light which reaches the eye 
without being diverted by secondary diffrac¬ 
tion. The first and third factors decrease as 
the length of the path of the light through 
the atmosphere is increased; these factors i 
are smaller for the smaller wave-lengths. | 
On the other hand the second factor is greater I 
for small wave-lengths. When the total 
length of the path is moderate this second 
factor is of most importance and blue light 1 
reaches the eye most readily, but when this 
total length is greater, i.e. for the sky near j 
the horizon, with a low sun it is the red light | 
which prevails, the path being long enough 
to provide an adequate amount of red diffracted ' 
light, not long enough to extinguish it. When ! 
the sun is low it appears a golden yellow, | 
whilst the sky near the horizon is red, shading 
off through pale yellow to pale blue and 
the deeper blue overhead. i 

Pioneer work in the way of numerical 
computation of the intensity of different | 
colours of the spectrum in skylight when the 1 
sun is ori or below the horizon has been 
published by P. (.Jruner. 1 His calculations, ; 
though not carried far enough for detailed ] 
comparison with observation, establish the 
fact that diffraction by air molecules is j 
sufficient to account for the red colour of the j 
sunset sky. 

The experiments of Professor R. W. Wood 2 j 
show that if the light of the sky were due 
entirely to diffraction by the air there would 
be no glare or excess of brightness in the ! 
region near the sun. The actual excess (the : 
light one diameter from the sun is about five ■ 
times as bright as more remote parts of the ! 
sky) 3 is to be attributed to diffraction by j 

1 fteitriige z. Physik d. Freien Atmasphiire, 1910, ; 
viii. 120. 

* Phil. Muff 1020. Ser. (5, xxxix. 430. 

3 This refers to visible light; the contrast in the ! 
case of thermal energy is more striking. The 
following table refers to observations at Mount 
Whitney (Annul# of the Astrophi/sieat Observatory of 
the Smithsonian tnstitntion, iii. 143). The unit of 
brightness is 1 TO" of the brightness of the centre 
of the sun. The brightness of any part of the sky 
is regarded as the sum of two parts—-A, a function of 


foreign matter, i.e. dust, and possibly water- 
drops and ice-erystals in the air. The most 
brilliant sky colours, notably those which 
followed the Krakatoa eruption, are to be 
attributed to fine dust. 

The colours of the sky are affected by the 
presence of clouds. If the line of sight pusses 
for long distances in shadow the sky fre¬ 
quently takes a greenish hue, the blue light 
being reduced in strength in comparison with 
that of greater wave-length and not being 
reinforced by sunlight diffracted in the lower 
levels. 

The phenomena, of sunset and sunrise, as 
observed with cloudless skies and a clear 
atmosphere, must be set out. in further detail. 

Two series of phenomena are recognised, 
which may be denoted primary and secondary, 
the primary occurring before the secondary at 
sunset, after at sunrise. Lor convenience of 
description, only the sunset sequence will lie 
detailed. 

Svnset and Sunrise. Colours. Primary Series. 
— (a) The ruddy countcrglow in the east 
appears when the sun is still above the horizon. 
Its upper limit remains steady after tin* sun 
sets, hut from that time it is encroached on 
by the earth shadow or dark set/meat which 
gradually eclipses it. 

(b) The oversun ylare (I)ammerungssehcin) is 
a white luminous area which is seen well above 
the sun as it nears the horizon. 

(r) After sunset there is a bright, segment of 
red or gold, the upper boundary of which is 
the twilight arch (Damniennigshogen). 

(d) The oversun glare develops at sunset 
into the purple-light. According to observa¬ 
tions made by Mictbe and Lehmann 4 in 
Assouan this development proceeds from the 
outer edge inwards. The purple-light is said 
to be at its brightest when the sun is about 
4° below the horizon. The purple-light is 
initially almost a circle with radius between 
25° and 4“>°. It disappears rather quickly, 
subsiding on to the twilight arch when the 


fhc elevation -of the point, ami If, a function of the 
distance from the centre of the sun. 
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4 Met. Z#., 1909, xxvi. 101. 
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sun is some (> u below the horizon. The 
beautiful Alpine afterglow is seen on mountains 
illuminated by the purple-light. 

Secondary Series .—The secondary series 
includes the secondary counterglow with a 
secondary dark segment below it, a secondary 
oversun glare, a secondary twilight, arch, and 
finally a secondary purple - light. Observa¬ 
tions of the complete secondary series are 
rare. The secondary twilight arch lias been 
identified with the boundary of the primary 
dark segment after its passage through # the 
zenith. 

The phenomena fall into two classes, those 
due to diffraction by the gaseous molecules 
ami those due to diffraction by dust in 
suspension in the upper regions of the 
atmosphere. 

In the latter class are included the oversun 
glare and the purple-light. In this connection 
it is important to notice that the purple-light 
was seen at its best at the time of the Krakatoa 
eruption, and that the distance from the sun 
of the brightest region agreed with that of 
Bishop's ring. Spectral analysis indicates 
that the purples may be regarded legitimately 
as tin* sum of red and sky-blue. 

The secondary series is attributed by Pender 
to light which has undergone diffraction twice, 
but the theory presents difficulties. 

$ (13) Poi. a nis ation of Linin'. (i.) From 
the SI:if. The polarisation of the light from 
the sky was discovered by Arago. The 
maximum polarisation occurs at 1)0° from the 
sun. As was pointed out by Stokes, if the 
skylight wore entirely due to diffraction <>f 
direct sunlight hy very small particles the 
polarisation at this angle would he complete, 
and the fait that, the polarisation is in the 
plane through the sun was of importance in 
establishing the theory that the displacement 
of the ether in the light wave was perpendi¬ 
cular to the plane of polarisation. 1 Actually 
the polarisation is not complete. Some of 
the light reaching the eye has been diffracted 
more than once, and the existence of this 
secondary diffraction, arising from the small 
particles of the air or less regularly from 
grosser matter in suspension, explains the 
observed facts. 

The primary diffracted light from the sky 
in the immediate neighbourhood of the sun 
should not he polarised? Observation shows 
that there is polarisation in lias region. This 
polarisation probably is a consequence of the 
secondary diffraction. The primary diffracted 
light which reaches any i*>int of the atmo¬ 
sphere comes from all directions, hut most of 
it must come from the directions in which the 
air extends furthest., i.e. from near the horizon. 

1 ternrding to the* electromagnetic theory of 
light it Is the electric force which is at right angles 
to the plane of polarisation. 


Such light is polarised in such a way that the 
“ displacement.” in the light vector is nearly 
vertical, and the statement is also true after 
the light is diffracted again. On the vertical 
great circle through the sun there are neutral 
points where the primary and secondary 
I diffraction just, balance and the light i.* un- 
I polarised. 

These points are: 

Arago"s neutral point about 100° from the sun. 

Jkibinct’s „ ,. 20° above the min. 

Brewster’s „ ,, „ 20° below the sun. 

The distances from the sun vary through 
ranges of 5° or more. 

The hypothesis of secondary diffraction is due to 
Soret. It should be mentioned, however, that if is 
1 doubtful 2 whether secondary diffraction hy air 
j molecules would he adequate to produce the observed 
; effects, and Exner has recently 3 suggested that it is 
1 caused by reflection of the priman dill"meted light 
! by the grosser particles in the ;iir. 

; (ii.) From a Landscape.. With a dear sky 

the light received from solid objects is 
polarised in the same way as the sky would 
he in the same directions. With a cloudy 
sky, on the other hand, the polarisation is in 
a vertical plane. Exner explains these fads 4 
hy consideration of the minute facets from 
which the light must he retlected, pointing 
out that in the case of the cloudy sky the 
most brilliant illumination is from the zenith, 
i The light from the clouds is not itself 
polarised. 

§ (14) Rainbows. —Rainbows are seen when 
the sun shines upon falling rain. (Sometimes 
only one how or part of it is seen, sometimes 
two. Both bows have their centres at the 
| point opposite to the sun below the horizon 
i of tiie observer. The inner or primary bow, 

! whieji is the brighter, has an angular radius 
! of about 41°. The outer or secondary bow 
lias a radius of about 52’. The primary bow 
i is normally coloured red on the outside, and 
j shows colours in the order of the spectrum 
I with violet inside, whilst in the secondary how 
j the colours are in the reverse order. The 
! space between the hows is somewhat darker 
j than the rest of the sky. Jn favourable circum- 
| stances, with a low sun and a heavy cloud 
j for background, the contrast is striking. The 
I colours of the hows are not always developed 
j to the same extent, the widths and brightness 
( of the successive bands being variable. Morc- 
j over, some of the colours, notably the violet 
or pink, may he repeated, sometimes with a 
colourless interval, so that supernumerary 
bows are seen. These supernumerary bows are 
inside the, primary. 

* Marie A. Schumann, Meteorologische £.<?., 1020, 
xxxvii. 12. 

:! ,1 h'troroloflische Xu., 1020, xxxvii. 115. 

* L.c. p. 114. 
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The general explanation of the rainbow 
appears to have; been first given by Theodorioh 1 
about 1311, and Antonins do Dominus, at the 
end of the sixteenth century, gave an experi¬ 
mental demonstration with globes filled with 
water. The theory was placed on a numerical 
basin' by Descartes in 10117, and the explanation 
of the colours was given by Newton in his 
Oplirk.fi (1704). According to the geometrical 
theory of Newton, rainbows should always 
have the same distribution of colour. To 
account for the variations, and especially for 
the supernumerary bows, the wav.o theory is 


here. 3 Wc shall endeavour to show to what 
extent the actual colours of the rainbow 
de|>end on the undulatory nature of light. 

The primary rainbow is due to light which 
has been reflected mice internally in the 
raindrops. To simplify the consideration of 
how the bow originates we may confine 
attention at first to the course of mono¬ 
chromatic rays which come from a particular 
point of the luminary and enter a spherical 
drop in a specified diametral plane. After 
the, first refraction the rays touch a certain 
caustic, after the internal reflection they touch 



required. This was pointed out by Young i 
in 1804. The way in which the problem could j 
be treated mathematically was shown by i 
Potter in 1835, and his work was completed ! 
by Airy in 1830 in the same volume of the > 
Transactionof the dnntbridye Philosophical 
Society. It is a curious fact that the general 
recognition of Airy's work was delayed by 
the unsuggostive title of his paper, “ On the 
Intensity of Light in the Neighbourhood of 
a Caustic."’ The detailed specification of 
the colours of rainbows caused by drops 
of various sizes was made possible by 
Maseart, who pointed out the law according 
to which the intensity of light of various 
wave-lengths should vary, and was completed 
by Pern ter. 2 

The Newtonian theory is given in elementary 
text-books of optics and need not be discussed 

1 Preston, Theory of Unfit, § 317. 

2 Wiener Akad. Sifz. lid. 100, § 153. 


| another caustic, and on emergence they will 
touch a third. The form of this third caustic 

| 

j 1 For convenience of reference flic essential 
i formulae for the rays with minimum dexiation may 
be written down. They are : 

Primary bow— 

sin i — ft sin r, 2 cos i~-y. eo u >■. 
sin i =* \ cos i- \/ ^-1, 

. n — 1)* l/4“tt*\3 

2 vi 3 ) • 

Secondary bow— 

sin i-=/t sin r, 3 cos i -y. cos r, 

sin i - V •' U 1 cos i - \A -, 
sin 

In these formulae i Is the#angle of incidence, and 
r the angle of refraction into the drop, both for t he 
rays with minimum deviation. D is this deviation, 
ami /X the index of refiaction. 
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is indicated in Figs. 4 and 5. It has two 
asymptotes which are themselves rays. For 
these rays the deviation from the direction 
of the incident light is a minimum. This is 



easily verified by placing a straight-edge as 
a tangent to the caustic and gradually turning 
it. whilst maintaining the tangency. The 
deviation is a maximum, ISO", for the ray 
which is directly reflected at the back of the 
drop. 

A good approximation to the form of the 
wave-fronts can ho determined by thinking 
of the loci swept out bv the ends of strings 
unwrapped from the two branches of the 
caustic. In the neighbourhood of the limiting 
or Descartes rav these approximate wave- 
fronts are quartic curves with cusps. They 
indicate an infinite disturbance at the cusps. 
The leading part of the wave corresponds to 



light coming front the cgitral part of the drop, 
die spur with light from tjje further part, 
the cusp with light along the Descartes ray. 
Propagation of such waves past an undisturbed 
region or shadow is not possible. Some of the 
energy must pass into the shadow, and the 
form of the waves must Ik* modified. It is 
of interest, however, to trace the interference 
pattern corresponding with the approximate 
wave-fronts. * 

As the waves follow in succession there is 


reinforcement on the lines where crest inter¬ 
sects crest and interference on intervening 
lines. 

It can he shown that the separation between 
the two branches of the approximate wave- 
front at an angular distance (f from the 
Descartes rav is c . 0'', where 



(4-V) 1 ’ 


a being the radius of the drop, and n tin* index 
of refraction. 

Interference occurs where the interval is 
equal to an odd number of half wave-lengths, 
i.e. where 


$ 


2 n -I 1 X 
2 * c’ 


n being any integer, and X tin* wave-length. 

This equation determines the points where 
the intensity of the light vanishes. The 
maximum intensity occurs where 

c 


In the more accurate theory of Airy the 
intensity of the light is found by the evalua¬ 
tion of a certain integral, and calculation 
shows that the maxima and minima are 
determined to a high order of approximation 
by the conditions 

O'* — (n + j)^ and 0? — (it i |)^ 
respectively. 

ft will be noticed that the first maximum 
is no longer on the Descartes ray but at an 
angular distance from it, which is given by 


(more precisely by 0-22(X/r)). 

Nyw consider the observer at a point which 
may be called P. lie receives from the 
particular drop A light of the given wave¬ 
length of maximum intensity, provided that 
the angle between the lines of vision AP and 
the direction of the light coming from the 
luminary is I) I 0, D being the deviation of 
the Descartes ray, and 0 being given by the 
formula last stated. 

lie will also receive light of like character 
from all the other drops of the same size 
which are at the same angular distance from 
the sun. It follows that in the circumstances 
postulated, a point source of monochromatic 
light and equal raindrops, the observer would 
see a large number of bows decreasing in 
brightness, the outermost how being the 
brightest. 

In practice we have to deal with composite 
light from a source of considerable magnitude 
and with drops which arc not of uniform size. 
Pemtor has worked out the details of the hows 
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which would be due to drops of various 
magnitudes. He finds that with drops of 
diameter exceeding 1 nun. the maxima of 
illumination due to a point source of light 
would bo fairly close together. When allowance 
is made for the angular diameter of (he sun 
it is found that distinct colours must appear 
only as a single spectrum. Thus large drops 
give approximately the rainbow of Descartes’ 
theory. 

On the other hand, with very small drops, 
with a diameter of 0-1 mm. or less, the maxima 
for fnonoohromatie light are spread out. The 
first maxima for all colours nearly coincide, 
so that the rainbow is almost a pure white. 
Such a rainbow is only seen under favourable 
circumstances when the observer is very near 
a cloud ; it is sometimes known as a fog-bow 
or as Ulloa’s Ring. Three concentric whito 
bows have been observed on occasion. 

As with coronas, so whito rninhnws may ho 
occasioned l»v droplets far below the freezing-point. 
Pernter (Metraroloqi'tehr O/itik. p. does not con¬ 

template the existence of sneh droplets, and pro¬ 
vides a far-fetched explanation of what he calls 
Botigner's halo by throe internal reflections in ice- 
crystals of a syiecml form. 

The shape of the while rainbow is determined by 
the intersection of a cone with the surface of the 
cloud. Tn the ease of a horizontal cloud or fog 
seen from above, the curve of intersection is a 
hyperbola, and the “ how " may appear as two long 
white streaks. 1 

In Fitf. 6 (based on Pemter’s results) the 
distribution of the colours in primary bows 
due to drops of different sizes is shown. It 
will be noticed that the presence of super¬ 
numerary bows, which are usually recognised 
as pink, indicates the predominance of drops 
witii diameter about J mm. 

The composition of the secondary or outer 
bow formed by light which lias suffered two 
internal reflections has not been worked out 
in the same detail. The secondary bow is 
generally fainter than the primary, and 
apparently no observations of the super¬ 
numerary ares which might theoretically he 
expected outside the secondary how have been 
reported. 

Rainbows of higher orders than lie second 
can be produced under laboratory conditions. 
They are not to be seen in nature, though 
there seems to be no good reason why careful 
observations should not in fortunate, circum¬ 
stances detect the tertiary how at 50° from 
the sun. 

Rainbows due todight from the sun’s image 
ir> a sheet, of water are observed occasionally ; 
such bows have their centres above the 
horizon. The course of the light is from sun 
to water, to drop, to observer. On the other 

1 Bah lit,, Ann-'.nirp Soc. MWorologiqur de France, 
1907, lv. 01. 
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hand, when a bow is seen reflected in the 
water, the course of the light is from sun to 
drop, to water, to observer. 

Lunar rainbows are reported occasionally. 
The colours are ditlicult to detect. 

§ (15) Diffraction Phenomena, (i.) 
Coronas. —Frequently, when the moon is seen 
through clouds, it is surrounded by coloured 
rings. Sometimes the colour is confined to a 
brownish patch in which the moon seems to 
be embedded. More frequently the most 
conspicuous part of the phenomenon is the 
scorched appearance >>f the neighboui/hg 
clouds. Under favourable circumstances, how¬ 
ever, there arc well-defined rings, blue being 
innermost, and the spectral colours arc re¬ 
peated more than once. The rejietition of 
any part icular shade is seen best when coloured 
glass is used. The brownish inner ring with 
the bluish - whit e inner field between ring 
and luminary form the aureole, the com¬ 
plete phenomenon is the corona. Coronas 
round the sun can seldom be seen with 
the naked eye owing to the general brilliance, : 
but they arc to be observed with smoked j 
glasses. j 

The condition necessary for the formation j 
of a well-developed corona is the presence in | 
tin* cloud which covers the luminary of drops | 
of approximately uniform size. The light is j 
diffracted by these drops. When a wave of j 
light strikes such an obstacle as a drop of j 
water secondary wavelets travel away from 
back and front of the drop. If the waves in 
the incident light come at regular intervals 
there will be the same interval between the 
wavelets. In some directions the crests of 
these wavelets coincide, in other directions 
the crests of one set coincide with the hollows 
of the other set. Accordingly, when observed 
from some points of view, the drop will be 
an effective source of light, but not. in others. 
Equally elYective drops will appear to lie at 
equal angular distances from tin 1 source of 
light, which will therefore appear to be sur¬ 
rounded by luminous rings. The angular 
radii of the rings are determined by the ratio 
of the wave-length of the light to the size of 
the obstacle, the larger the ratio the larger 
the rings. Hence it follows that with natural 
light the blue rings are smaller than the red, 
and also that the largest coronas are caused 
by the smallest drops. * 

The theory of coronas, as ysually stated. 1 
assumes that the drops are equivalent in their i 
action to thin discs of the same diameter. On 1 
this hypothesis the anguhn radii of the rings | 

1 The complete mathematical solution of the 
problem of the scattering of plane electric waves by j 
spheres has been given by T. •!. J’A., Bromwich 
U'fiil. Tran*. Hon. Noe. A, 1020, eexx. 17but the 
application to the eas<* in which the radius of the 
sphere is comparable with a wave-length has not 
been worked out numerically. I 


of maximum brightness for any particular 
wave-length arc given by the formula 

sin « \ 

a 

where 0 is the radius, X is the wave-length, 
2a the diameter of a drop, and k has the values 
1-64, 2’fiO, 3-72, 4-72, . . . for successive 
maxima. 

The intensity of the successive maxima 
falls ofl rapidly, the third being only one-tenth 
as bright as the first. 

Measurements of coronas have served to 
determine the size of the drops which produce 
them. These average about 02 nun. in 
diameter, the range being from -01 mm. to 
•00 mm. 

(ii.) Iridescent Clouds. — Patches of colour 
like mother-of-pearl are occasionally seen on 
high clouds such as cirro-stratus. These 
patches are probably portions <>f coronas of 
very large radius. The classical explanation 
attributes t hem to dill ruction by ice-needles. 
The complete theory of diffraction by a cloud 
of needles with fortuitous orientation does 
not" seem to have been worked out, but it is 
improbable that sufficiently brilliant colours 
could be produced by such a cloud. Simpson - 
prefers to attribute the phenomenon to minute 
water-drops, supporting this view by bis 
observation that a corona and a halo are 
never seen at the same time on the same 
cloud. There is abundant evidence for the 
existence of drops at temperatures far below 
the freezing-point. 

(iii.) (Ilories. — On mountains an observer 
I standing with his back to the sun will somo- 
! times see coloured lings round the shadow 
i east upon mist by his own head. The whole 
j phenomenon is known as the Brocken Sjncfrr, 
t in* coloured rings being called a glory. Similar 
j observations have been made from balloons 
A striking feature of the .Brocken Spectre is 
j that, even if the shadows of the observer’s 
i companions are seen, they are without glories. 

The explanation is that, the glory is no personal 
i attribute of the observer himself. If he used 
a periscope for his observations he would see 
the glory round the shadow of the top of the 
periscope; in fact, Franz Mierdol, 3 who lias 
been successful in viewing glories in an 
! artificial cloud in the laboratory, adopted such 
a device. 

(dories and coronas are twin phenomena. 
It lias been noticed how, when light waves 
fall on a drop of water, secondary waves are 
produced. The secondary waves, whose general 
direction is forward, produce the corona ; those 
whose general direction is opposed to the 

* Quarterly Journal II. Met. Noe., 1012, xxxviii. 
201. 

3 ffrUrdge zur Vhtmk der freien Atmosphere 
(Mhnehen), 1010, vlli. 05. 
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incident light will play their part in the 
formation of a glory. Owing to the sym¬ 
metry of these secondary waves the dimensions 
of corona and glory will be equal. 

A white rainbow, Ulloa's ring, is often seem 
outside a glory (see § (M)). Roughly speak¬ 
ing, the rainbow is produced by light reflected 
insicle the drops, the glory by light scattered 
without penetrating the drops. 

(iv.) Jiitthop'a Uiny. — Though not due to 
the presence of water-drops. Bishop’s ring 
may appropriately be mentioned here. This 
ring was seen after the eruption of Krakatoa 
in 1883. Careful observation has led to its 
detection in subsequent years. The ring is 
a faint reddish corona of large radius, the 
inner edge about 12 from the sun, the outer 
at about 22’. These dimensions indicate 
that the diffracting particles which produce 
the corona must have diameters about -002 
mm. Their small size accounts for the slow¬ 
ness with which the particles settle down 
to earth, the phenomenon lasting for many 
months. 

§(1(5) General Fitects of Water-drops. 
(i.) The Opacity of ('totals .When the sun 
is seen through cloud the intensity of the 
light is much reduced. Light which is re¬ 
fracted through the drops or diffracted by 
them increases the general luminosity of the 
cloud, and the contrast between the sun and 
the cloud depends only on the rays which 
get through the cloud without meeting a 
drop. 

Consider a pencil of light of cross-section 
A coming from a point of the sun. Let S be 
the cross-section of one of the drops which 
happen to be in the pencil. The chance of a 
particular ray avoiding the drop is (A - K)/A 
or (1-S/A). Hence the probability of the 
ray avoiding all the drops may be likened as 
(1 - S,/A)(1 -- »S 2 /A) . . . (1 ' S„/A), where 
I-L . . . S, ( are the areas of the cross- 
sections of all the drops, n in number, in the 
pencil. This expression is very nearly equal 
to e~ I{ where B is the sum of the cross 
sections. It follows that if J be the inten¬ 
sity of the sunlight before entering cloud, 
and J the observed intensity of contrast on 
emergence. 



Accordingly if the drops are of uniform size 
with radius a, and the number in unit volume 
is */, whilst the thickness of the cloud measured 
along the line of sight is I, then 



The volume of a drop i* \j ra 3 . Hence the volume I 
of water per unit volume of cloud is \im 3 q ; the j 
vertical thickness of the cloud is l cos where j' is ’ 


the sun’s zenith distance. Thus the volume of water 
in a vertical column of unit area is viCql cosf; the 
diameter of a drop is 'la. Thus the equivalent rain¬ 
fall measured in drop-diameters is %na“ql cos or 
I ■ cos flog (I/.I). 

I Richardson’s observations 1 show that when 
the sun is just visible through stratus cloud 
the equivalent rainfall is equal to about four 
drop-diameters, the proportion of sunlight 
passing through the cloud without obstruction 
being about one part, in 10,000. 

The brightness of the sun when seen through 
fug or haze is affected in the same way. If 
the drops or dust particles arc small enough 
diffraction affects the question. The light of 
longer wave-length is not so much obstructed 
as that of shorter wave-length, and the sun 
appears red. 

(ii.) The. Opacity of Rain. — The same lino 
of reasoning may he applied to the question 
to what extent falling rain obscures a land¬ 
scape. Although large drops cut off more 
light than small ones, they get out of the 
way quicker and so are not so efficient in 
producing opacity. Since the rate of fall 
of a drop is nearly as the square root of the 
diameter, it follows that for a given rate 
of precipitation the obscuring power, the 
ira-q of the last, formula, varies inversely 
with the square root of the volume of a 
drop. 

(iii.) Transllicence of Cloud or Fog. — The 
proportion of sunlight transmitted through 
a sheet of cloud lias been discussed 2 by 
L. F. Richardson. By consideration of the 
distribution of the reflected and refracted 
rays lie has shown that approximately (5 per 
cent of the energy of the light falling on 
n spherical drop is scattered backwards, 
i.c. in directions deviating by more than 
90" from the incident light, the remaining 
94 per cent passing onwards through the 
drop. 

As the light penetrates deeper into the 
cloud it falls off in intensity, but so does the 
intensity of the reflected light from below. 
The difference between the amounts of energy 
flowing up and down is the same all through 
the cloud, and therefore equal to the difference 
between the amount emerging at the bottom 
of the cloud and the amount reaching that 
level from the ground. 

Richardson deduces the approximate for¬ 
mula 

1 y ‘ C211-! (X>(1 ~'U)Jna t qdh\ 
in which * 

I is the intensity of the incident sunlight, 
Z is the zenith distance of the sun, 

F is the intensity of the emergent light, 

1 Proc Rot/. Sor. A, 1910, xevi. 2:5. 

* Loc. cit. pp. 23-31. 
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B is the reflectivity of the earth’s surface, 
a is the radius of a droj), 
q is the number of drops in unit volume, 
and the integral ion is with respect to h the 
height above the base of the cloud. 

In a particular ease in which- a strato- 
nimbus was under observation, the ratio on 
the left of this equation was found to be 
4-0, and the reflectivity B being 015, it was 
deduced that the equivalent rainfall in the 
cloud was 21 drop-diameters. 

(iv.) Albedo of (.'load .—It will be noticed 
that the thicker the cloud the more light is 
reflected by it. Moreover, the brilliance of 
the clouds depends on the angle between the 
rays from sun to cloud and from cloud to 
observer. The larger this angle the blighter 
the cloud. According to observations 1 of 
valley fog seen below the level of the observa¬ 
tory on Mount Wilson, California, when this 
angle is 105° the cloud is six times as blight 
as when the angle is 10'. According to the 
Mount Wilson observers the mean reflecting 
power of the clouds may be taken as 05 per 
cent. 

(v.) VisibiIilff. -The visibility of a distant 
object- depends mostly on the contrast with 
its surroundings. The condition of the atmo¬ 
sphere affects visibility in two ways. The 
suspended dust or mist cuts off the direct 
rays of light, ami, on the other bund, by re¬ 
flecting the diffuse sunlight it adds to the total 
light received by the eye and so reduces the 
contrast. In a fog by day the latter effect 
is the more important ; the lights on a passing 
train d > not remain in sight much longer than 
the train itself: and white objects are only 
seen a very little farther than darker ones. 
Even in file most favourable conditions, in 
the middle of the day, the light diffracted 
by the air itself veils the distance in blue 
and reduces contrasts so that the sharpest 
detail is noticed about, sunset, when the air 
between observer and object is not directly j 
illuminated. 

In the neighbourhood of large cities haze 
is mostly <lue to coal smoke; it is most 
prevalent when the air is comparatively 
stagnant, and especially when an inversion of 
temperature at a few hundred feet coniines the 
smoke to the lower layers. In country districts j 
in England visibility generally improves in the j 
middle of the day, when, a large proportion of 
ohe dust which had settled d«wn towards the 
ground is carried up again as tin* stratiticatiori 
of the air becomes less stable. \ isibility 
is better with winds from the north and west, 
presumably because there is no pollution over 
the North Atlantic. 

§ (17) leu Crystals in thk Atmospiikhk. 
The phenomena b> be considered in the 

1 Annul* of 1f»’ Astro/ifoisiatl Observatory of the 
Smithson out Institution, 1008, it. 141. 


following sections include various rings, ares, 
and patches of light which are explained by 
the presence of ice-crystals in the atmosphere. 
These phenomena are seen in most favourable 
circumstances in the polar regions where small 
ice-crystals frequently occur at low levels, 
but they are by no means rare in template 
latitudes. The rings round the luminary are 
called hah \ the patches of light mock-suns 
or parhelia ; the group of phenomena observed 
on a particular occasion is known as a halo 
complex. Fuj. 7 is a simple example—the 
“ halo of 2’ >ri ” with the “ upper tangent are,” 
the “mock-sun ring” and “ mock - suns,” 
sketched at Aberdeen by («. A. Clarke on 
March 5, 1008 and is reproduced as giving 
the impression received by an observer; 



Fie. 7.—Solar Halo of 22° Radius with T'jiper Arc of 
Contact. Mork-Min Hint'and Mock-suin. from a 
sketch by <!. A. Clarke. 


whilst in Fitj. 8 we have one of the most, 
elaborate complexes, the historic Petersburg 
halo, recorded by Lowitz on duly 18, 1704. 

ThV classical work on tile subject, is the 
Mf moire stir les Halos of Bravais, Paris, 1847. 
The valuable monograph by M. Louis Besson, 
“ Sur la Theorie des Halos,” Paris, Annuli* da 
I'Obsrrratoire da Montsouris, ix. x., 1008, 10O0, 
should also be mentioned. 

§ (18) Thk Forms of Snow Crystals.. 

Dobrowolski, meteorologist of the Belgian 
Polar Expedition, elassilies snow crystals in 
three types according to the ratio of the 
length of the principal axis to that of the 
secondary axes ; two extremes, laminae and 
needles, and an intermediate type, prisms. 
Transitional forms, thick lamina, and thick 
needles are very rare. 

(//) Ice - needles have usually been found 
1 stuck together in little bundles, but no doubt 
they are formed separately. Their length, 
averaging about 2 mm., far exceeds their 
thickness, which is of the order 01 mm. 
Although earlier writers always describe the 
needles as hexagonal prisms, Nordenskjdld and 

2 M 
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Dobrowolski were not able to observe any 
definite crystalline form. Moreover, these ice- 
needles are believed to be derived from 



FlO. 8.—A Halo Complex, St. Petersburg, July IS, 
171M, 10 A.M. 

The sun is shown at n. The observer recorded 
two circles with centres a and ft, but theorists regard 
those as the circular halo of 122" with the upper and 
lower tangent ares completed to make a circum¬ 
scribing ellipse. Parhelia are shown at .r, a, the 
antheiion at. h and paranthelia at/, q, all on a hori¬ 
zontal circle, the parhelie circle. 

The parhelia .r, i/ were coloured, as were tiro ares 
from them to the inner halo, the “ Ares of Lowilz,” 
so named after this observation. 

Tin' faint, ares nhrtd, ohld are the oblique ares 
through the. antheiion. 

Tire brightly coloured are req is perhaps the Lower 
Are. analogous to Parry’s Upper Are. 

The halo of J<> zzz is touched by the circiim- 
zenithal arc pzq, and by two infra-lateral ares. 1 


relatively low and warm clouds, and are 
therefore not available for halo formation. 

(ft) The fundamental prismatic form is the 
“ hemimorphic prism,” which is a hexagonal 
prism surmounted bv a pyramid, the principal 
section of the prism being a regular hexagon. 
The complete prisms which are found appear 
to be formed by the fusion of the pyramids 
of two hemimorphic prisms. There is usually 
a cavity inside each hemimorphic prism. As 
the cavity is near the base Dobrowolski 
thinks that there is probably a tendency for 
the prism to fall point downwards. 

(c) The flat crystals, which have been so 
frequently photographed, are very thin, the j 
thickness being about, one-tenth of the dia- ; 
meter. The simplest form is hexagonal, but 
this form is developed by a process of growth 
from the crystals with symmetrical branches 
(see Fig. 9). Probably the branches are 


formed when conditions are favourable for 
rapid growth, and the crystal is consolidated 
subsequently. Sometimes the processes alter¬ 
nate three or four times, as is shown by the 
complex pattern. Even when the crystal 
takes the simple hexagonal form it is not 
suitable for halo formation. The greater part 
of the light must impinge on the large hexa¬ 
gonal faces and pass straight through. It is 
only rays which happen to be exactly parallel 
to these faces which can pass through the 
crystal edgeways, and < wing to the mode of 
growth such light is likely to be diverted by 
flaws. Moreover, there appears to be no 
evidence as to whether the other faces are at 
right angles to the hexagons. 

( fi ) Types (ft) and (r) are frequently com¬ 
bined, giving a hemimorphic prism surmounted 
by a hexagonal lamina or a complete prism 
with a lamina at each end. The former 
arrangement is of importance, as the lamina 
will keep the prism vertical as it. falls. Ac¬ 
cording to Dobrowolski this is because the 
lamina will act as a parachute. The experi¬ 
ments of Besson, who observed the behaviour 
of ebony models in water, 1 show that, such an 
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Fig. 0.—Snow Crystals. From Humphreys* F husks 
of the Air. Micro photographs by W. A. Bentley. 


object will fall point downwards provided that 
the width of the cap is greater than the height 
of the prism. Otherwise it will fall point 
upwards. 

1 Ann. Sor. RfMoro/ogiquf de Fro nee, 11)07, Iv 4(5, 
and Ann. de I'Obsenatoire tie Montwuris, ID It). 
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In the classical works on the subject it was 
assumed without question that a falling body 
would set in such a way that it would meet 
with least resistance; the ice-needles, which 
were invoked to explain some of the pheno¬ 
mena of the halo complex, were supposed to 
tend to set themselves vertically whilst the 
laminar crystals were expected to fall edge¬ 
wise. Everyday experience of falling bodies 
challenges the validity of these assumptions, 
and it is curious that they were accepted for 
so long. Some doubts on the subject were 
expressed by Bravais in a note published later 
than his famous memoir on halos, but it seems 
that it was not until 1901 that the opposite 
principle, that bodies fall in such a way that 
the ail 1 offers the maximum resistance, was 
enunciated by C. S. Hast ings in t his connec¬ 
tion. Experiments by Besson indicate that 
this principle is valid in so far as Hat discs 
fall flat and long prisms with their axes hori¬ 
zontal. It is of interest to notice, however, 
than an hexagonal prism falls with an edge 
downwards, not a face. 1 This observation 
appears to invalidate the halo theory of 
Hastings, 2 which requires the presence of a 
large number of crystals with one of the 
diagonals of the prism horizontal. 

The general result of Dobrowolski’s dis¬ 
cussion is that the crystals effective in the 
production of the halo complex arc likely to 
belong to classes (6) and (d) •—the liemi- 
morphio prisms with or without the cap 
having vertical edges and the complete prisms 
with or without caps having horizontal edges. 
He considers, however, that the evidence that 
these complete prisms arc sufficiently numerous 
is insufficient. 

In the classification of the elements of the 
halo complex we shall use the following 
notation : 

X Prisms with random orientation. 

Y Prisms with edges vertical. 

7, Prisms with edges horizontal. 

YX Prisms with edges nearly vertical. 

Til earlier works oil the subject the Y group 
are regarded as ice-needles, the Z group as 
flat hexagons ; following Dobrowolski we 
suppose the Y group consists of the homi- 
hedral crystals with or without caps, the Z j 
group of complete prisms. Hastings 3 makes j 
the Y group contain the flat hexagons, the I 
Z group elongated prisms. 

§(19) Tiik Dfurkfs of Freedom of Ice- I 
crystals. — In the examination of theories 
put forward to explain the g various pheno¬ 
mena, it is useful to count the degrees of ! 
freedom of the crystals which satisfy the { 
conditions postulated. Tile distance from the 
observer being regarded as irrelevant, there 

1 (M ii. Terre, P.K17, xxviii. If 10. 

- Monlhht Weather Review, 11)20, xlvili. 322. 

3 Ibid., June 1020. 


arc two degrees of freedom of position in the 
sky, two degrees of freedom for the orientation 
of the axis, one for rotation about this axis. 
The condition that the rays which pass through 
the crystal reach the observer deprives the 
crystal of two degrees of freedom, leaving 
three for the special circumstances, if two 
of these arc used up the phenomenon pro- 
[ duced is an arc, if all three arc used up the 
light must appear to come from one point of 
' the sky* and the phenomenon is a mock-sun 
or parhelion. 

If, for example, the crystal must have the 
axis horizontal and the rays pass with mini- 
muni deviation two degrees of freedom are 
used up and the phenomenon is an arc. 
Making the axis vertical takes away two 
degrees of freedom, and if minimum devia¬ 
tion takes a third the phenomenon is a 
parhelion. 

§ (20) Effraction throlou two Faces 
inclined at dO' 1 . (i.) Ihilo of 22'. X. 
Ho able Minimum Deviation. -•-Alternate fares 
of a hexagonal prism arc inclined at 00”. 
The index of refraction of ice being known, 
the minimum deviation of rays which are 
refracted at two such faces can be computed. 

The minimum has the smallest value when 
the axis of the crystal is perpendicular to the 
plane of incidence. It is then approximately 
22°. No sunlight passing through X crystals 
| can reach the observer in any direction 
| inclined at less than 22' to the direct, beam, 
j The angle is rather smaller for tin* red end 
I of tin' spectrum. The halo of 22 J which is 
red on the odgi nearest the sun and falls off 
j gradually in luminosity outwards is accord- 
j ingly explained. The rays which have devia¬ 
tion more than the minimum account for a 
j certain amount of luminosity outside the halo, 
j (ii .) ^Parhelion of 22°. Y. When the 

! prisms arc all vertical a ray from sun to 
i observer cannot pans through a prism in a 
i principal plane. The minimum deviation is 
i accordingly greater than for X crystals. 
Since there are three special restrictions on 
the degrees of freedom (vertical crystal 2, 
min. deviation 1) the image of a point source 
of monochromatic light would he a point. 
The parhelia explained in this way arc highly 
coloured patches red on the side nearest the 
sun : horizontal white streaks extending from 
the parhelia away from the sun are explained 
by rays which have not had minimum devia¬ 
tion. When the sun is low the parhelia are 
close to the luilo of 22', but for greater alti¬ 
tudes they are well outside it. 

For example, with the sun 55° above the 
horizon the inner edge of the parhelion is 
distant 3(U‘ from the sun. 

(iii.) HMnule.d Parhelia. YX.—Oscillation 
of the crystals about the vertical in all possible 
planes would give blurred and extended par- 
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holia; such have been photographed by | 
Schultz. 1 

(iv.) Am of Lowitz. YX.—'rilling of 1 lie I 
prisms is also the accepted explanation of' | 
these very rare ares which are seen below the ; 
parhelia connecting them obliquely with the 
halo of 22' (see Fit/. 8). To produce ares 1 
there must be some restriction on the freedom 
of oscillation. Possibly capoed prisms oscillate ; 
most, readily in such a way that a diagonal 
of the hexagonal cap remains horizontal.” 

(v.) V yper <nxi Lower Tantje.nl Ares. Z.— 
Minimum deviation through prisms with their 
axes horizontal accounts for these arcs which 
touch the 22° halo at its highest and lowest 
points. The shapes of the arcs depends on 
the elevation of the sun. When the elevation 
is very low the upper are is a eupid's bow, ; 
when the elevation is 35 1 or more the two | 
ares combine to form a curve approximating I 
to a circumscribing ellipse. 

(vi.) Tarry $ t'pper *lrr. ZZ.—The arc to 
which this name is given by Hastings is 
above the upper tangent are. It is attributed 
bv this author to the Z crystals which float 
not only with the axis horizontal, but- also 
with a diagonal of tile hexagonal cross-section 
horizontal. The deviation is not a minimum, j 
Lesson’s observation mentioned above indi- i 
eates that isolated crystals would not In¬ 
stable in the position postulated by Hastings. 
M. Lesson "lias pointed out, however, that 
complex crystals built up of several prisms 
fitted together like so many spokes would 
float with the spokes horizontal, and it may 
be that in such a ease the cross-section of a 
spoke would satisfy the condition laid down by 
Hastings. 

(vii.) Parhelie. Sun Pillar. - A pillar of light 
such as appears over the sun in the photo¬ 
graph by Schultz, mentioned above, may be ; 
regarded as the combined halos of the two ; 
parhelia, i.e. it is formed by light passing 
through pairs of crystals giving equal and • 
opposite deviation. 

§ (21) Hi -.fraction TUiiorun two Packs 
inci,inK!) at DO*, (i.) Halo of Itr. X. 
Double Minimum Deviation.- The ends of a 
hexagonal prism, whether simple or capped, 
are at right angles to the other faces. Light 
can enter at the end and emerge at another 
face or nice re.rsa, so that the effective refract¬ 
ing angle is 90 '. The corresponding minimum 

1 Reproduced by Hastings, MontM/i Wmthrr Hr vine, 
1020. xlviii. 322. I 

- Cl. Hastings, I.e. p. 020. Hastings postulates j 
hexagonal laminae spinning with a diagonal liori- I 
zontal. Kujiwhara and Oti (Jlulletin of t/ir Central } 
Meteorological Ofwr rat or a of Japan, 1010, iii. 33) i 
di.seuss the theories of Halle and lYrnter and consider { 
tint, no rcstrielioti on the inode of oscillation is j 
necessary for the true, arcs of Lowitz; their theory 
of what they call the la>witz arcs of the second kind 
appears to involve such an assumption as is made 
above. The work of these authors is open to 
criticism, however. 


deviation is 49\ The halo of 40° about, the 
luminary is explained at once. 

(ii.) C ire maze nilhal Arc. Y.—These ares 
are analogous to the- Harry ares. They are 
due to hexagonal prisms Uoating with the 
bases horizontal. They are frequently called 
horizontal tangent ares of the 49 1 halo, but, 
as Lravais shows, they are not true tangents; 
they can appear when the 49° halo is missing, 
and they are especially brilliant wlu-n the 
only other phenomena are the parhelia of 
22/’ (also due to Y ervUals). The are is part, 
of a true circle about the zenith. 3 The eir- 
e.umborizontal are at. the bottom of the 49° 
halo has only been recorded on few occasions. 
(Lravais quotes two examples—one solar, one 
lunar. Recent observations will be found in 
the Monthly \Yrather lieriew , 1919, 1917, 1918.) 

(iii.) Kern'it ,1/v. Y. —This are is at the 
same height as the eireunizenitliat are on the 
opposite side of the zenith. Ekama 4 ex¬ 
plains it as due to light entering the hori¬ 
zontal cap, reflected from one vertical face 
and emerging through the opposite face. 

(iv.) Lateral Tamje.ni Arm of the. 49’ llalo. 
Z. -The infralateral tangent ares of the 49° 
halo are convex to the sun. The height of 
the point of contact depends on that of the 
sun. Theorists agree that these ares are due 
to such rays as enter a horizontal prism at 
one end and emerge through one of the long 
face's. In the theory of Lravais the prisms 
giving minimum deviation are selected. 
Hastings 5 postulates crystals with one face 
horizontal, and supposes that the light enters 
through the vertical end and emerges through 
a fare inclined at 90° H> the horizontal. Sym¬ 
metry suggests that supralateral tangent, 
ares should exist. If they do lliev have been 
confounded by observers with a brightening 
of the shoulders of the 49° halo. 

(v.) Parhelia of 49 '. Parhelia at the inter¬ 
section of the parhelia circle and tIn* 49° halo 
are observed, occasionally ever, in the absence 
of tire lmlo. Unlike the parhelia of 22', these 
parhelia are precisely on the 49° circle at. all 
elevations of the sun. A satisfactory explana¬ 
tion is wanting. 

§ (22) Kkflkction Piignomkna. The 
Parhelir, Circle. Y .—\ conspicuous feature 
of many halo complexes is a horizontal circle 
through the sun; this is known as the mock- 
sun ring or parhetic circle. It. is explained 
most simply by the external reflection of 
light from vertical faces of Y crystals, but it 
may be reinforced by light passing through 
such crystals a'nd reflected internally and 

:| I’ernter, following Halle, believes that, the pheno¬ 
menon actually observed is not- a true eirniinzonithal 
arc but. a tangential arc formed by refraction at 
minimum deviation through prisms with the refract¬ 
ing edge horizontal. Pivntcr gives no mechanical 
reason for the edge remaining horizontal. 

1 OmreJent in MeJer/antl, IK‘).'>, p. (Ml. 

s L.c. p. 320. Ci'. Hravais, lx. p. 18U. 
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perhaps by the light reflected from the ends 
of Z crystals. 

The Antheiion. (i.) ZZ. -Observations of the 
antheiion, a luminous patch at the same height 
as the sun anil opposite to it, are not common. 
In many cases this point is merely noticed 
as the intersection of certain oblhpie arcs, 
but Bravais considers its independent existence ! 
established. 1 The suggestions put forward for 
its explanation depend on reflection in suc¬ 
cession from two faces at right angles with 
a common vortical edge. Brava is proposes 
internal reflection, the light entering aad 
emerging by the same face, whilst Humphreys 
puts forward the possibility of external re¬ 
flection from one face and from the under 
side of the eap of a hexagonal prism. In either 
case the prism must be floating with a diagonal 
of the hexagonal section vertical. 

(ii.) Oblique Amt throw jit the Antheiion .— 
These two arcs cut the parhelia circle at the 
antheiion. They are. usually confined to this 
neighbourhood, but occasionally they form a 
loop surrounding the zenith. Bravais’s theory 
of the arcs depends on the stria!ion on the 
surface of tabular crystals and dot's not seem 
tenable. Hastings regards the arcs as pro¬ 
duced by light passing through Z crystals 
entering by a horizontal surface, reflected by 
the vertical end and emerging through a 
surface inclined at f»<’ to the horizon, but 
the details of this theory have not- been 
published. 

(iii.) I*aranth< lia. V. Bright spots on the 
half of the parhelic circle nearer to the ant- 
lielioii are. known as paranthelia. The best 
authenticated are <>0° in azimuth from the 
antheiion, or 1:20’ in azimuth from the sun. 
These are dm* in part to light which has been 
reflected internally at two vertical faces of a 
Y crystal. One way in which this may happen 
was shown by So ret; mi m he rim; the vertical 
faces consecutively from 1 to 0 we may 
suppose the light to enter by 1, to be. re¬ 
flected by 2 and ">, and to emerge, through 
2. Light reflected externally from re-entrant 
angles of star shaped laminar crystals would 
also reinforce these paranthelia. 

(iv.) Pamnthdie .1/rs.—A short are is occa¬ 
sionally observed passing obliquely through 
the paranthelia of J2U". Tin* explanation is 
still in doubt. 

(v.) Sun Pillars. Y. Sun pillars are 
vertical white streaks passing through the sun. 
They are best seen when the. sun is below the 
horizon. They are accounted for by the 
external reflection of light by flat, laminar 
crystals. Such crystals will not remain quite 
horizontal as they Uniter downwards. The 
drawn-out. image of the sun is analogous to 
the reflection in the rippled surface of a lake. 

• 

1 Mure recent observations have been recorded, e.'f. 
at Mont souris, April 1 LS'.K). 


(vi.) Pseudhelia. Y.— Analogous to the sun- 
pillars are pseudhelia, reflections of the sun 
seen when the observer is above the cloud. 

(vii.) The: Halo of it 0° and the Paranthelia of 
00 u are white and should perhaps be classed 
as reflection phenomena. They are. rare, 
however. 

§ (22) Refraction THKoron two F,f< i:s 

INCLINED AT A.NOI.EM OTIIKK THAN 00" OK 00'. 

-Halos with abnormal radii have been reported 
occasionally. The evidence lias been sum¬ 
marised? by Besson, who groups the observa¬ 
tions as follows: 2 


Name of First. | Numlicr of 
Observer. ! Observations. 


Hadin'. 

observed. 


Van Jtiiijseii 
Ivankin 
Burney 
i >nt licit 
Sr heiner 
Kcuillce 


K 7 J <u III" 

0 17, IK ! 

t; ; I s :tu'. 210 

1 j 2 r i 



In some of flic observations three of the 
abnormal halos were seen simultaneously and 
in others they were seen together with the 
1 22° halo. Besson comes to the conclusion A 
j that all with the exception of Schemer’s can 
he explained by a single hypothesis. This 
‘ hypothesis is that each of the operative ice- 
crystals is in the form of a hexagonal prism 
with edge's cut of! by facets inclined at 2.1 J V 
to the principal axis. Bays of light may 
intersect either two such facets or one facet 
and the base or a side, so that suflicient variety 
in the refracting angle is provided for. it 
! should be mentioned, however, that Besson 
j is not able to quote direct evidence for the 
| existence of crystals with facets at the 
j inclination he, postulates. \ V . w. 
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j T. Tachometers, Speedometers, and 

i MlNCKEI-ANEOrS Sl*KED-l N DL< ATI NO DEVICES 


j One of the most important quantities of 
j ordinary engineering practice is the rate of 
j revolution of rotating parts. For instance, it. 
j is necessary to know the r.p.m. of machinery 
accurately in order to maintain the frequency 
of electrical alternating supply, to tix the most 
economical speed of machine tools, and for 
safeguarding machinery parts from excessive 
loads due to over-running. The angular velo¬ 
city is an essential factor in the measurement 
of powei output hy dynamometer tests. 

In addition to the above applications taeho- 

* Paris, Cumptex Itnidns, elxx. 3:U. 

a ihi'i. p. fiun. 

* Ttie writer desires to record bis indebtedness to 
Messrs, (ieurge It out ledge A’ Sons lor permission to 
draw upon material published in Knyinreriuu Instru¬ 
ments and Meters, in the preparation of this article. 
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meters are often used to deduce the linear 
speed of motor vehicles and locomotives from 
the speed of rotation of their wheels. 

The simplest workshop method of estimat¬ 
ing r.p.m. is by the use of a geared counter 
in conjunction with a watch. Such counters 
are made in various forms. 

§\1) Coe nthr Instruments. —A develop¬ 
ment of the counter principle in a convenient 
form is found in the Hash r instrument. In 
this device the watc h and counter are combined 
and the operation of pressing one buttdh winds 
the watch, automatically connects the counting 
train to the driving shaft for a definite period 
of seconds, and then disconnects it. The 
graduation on the scale is arranged to read 
revolutions per minute directly. A diagram¬ 
matic sketch of the mechanism employed is 
shown in Fig. 1. The downward movement 
of the button 
depresses a rack 
against the pull 
of a small spring; 
when th$ button 
is released the 
spring drives 
the escapement, 
w h e e I a t a 
definite rate 
under the con¬ 
trol of the bal¬ 
ance wheel and 
lever. The shaft 
of the escape¬ 
ment wheel ear 
lies a cam, which 
after a rotation 
corresponding to one second releases the large 
ratchet wheel connected to the pointer. The 
wheel and pointer are then carried around by 
friction with the counter train for three seconds, 
after which interval the cam has rotated to a 
position in which the pawl is pressed up to 
arrest the motion of the ratchet wheel. The 
zeroising button returns the pointer to zero 
after use in the same manner as a stop watch. 
A simple gearing in the counter train causes 
the pointer to rotate in a clock-wise direction 
for either direction of rotation of the driving 
shaft. The instrument is very convenient and 
accurate in practice. It has the advantage of 
only needing a short interval of time for a 
determination of the speed. 

Other combinations of watch and counter 
are in common use, hut the two units are 
usually kept more distinct than in the above- 
described instrument. 

Kor the continuous indication of speed the 
tachometers employed may he broadly classified 
into five groups, according to the principle upon J 
which their action is based, which may be : j 

(a) Centrifugal force. 

(b) Chronometrie action. i 
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(r\ Magnetic drag. 

(d) Electrical similar to dynamo. 

(«) Viscous drag. 

In the following description no differentia¬ 
tion is made between tachometers and speed¬ 
ometers, since the only point of variation is 
usually the addition of an adding device or 
totaliser to the mechanism of the tachometer 
to convert it into a speedometer. 

§ (2) Mechanical, Centrifugal Instru¬ 
ments. —Centrifugal tachometers depend upon 
the variation of the centrifugal force exerted 
by small masses rotating in a circle. The force 
tending to move each mass outward is pro¬ 
portional to the square of the angular velocity, 
multiplied by the radius of the circle in which 
it rotates. The masses are usually restrained 
by a spring, and the outward movement 
magnified by levers and gears. 

The relation bet ween displacement and speed 
varies for each particular design of instrument 
depending upon the configuration of the lever- 
system and type of spring control. The cali¬ 
bration cannot usually be predicted a priori. 
The chief endeavour of the designer is to make 
the lever arrangement such that the gradua¬ 
tions on the scale are as nearly equidistant at 
all parts as possible. 

In one form three equal discs are arranged 
oil short connecting levers at equal angles 
around the central spindle. These discs are 
thrown outward by the cent rifugal force against 
the influence of the helical spring, and the 
movement is transmitted through the collar to 
the geared quadrant which actuates the pointer 
wheel. The scale obtained is fairly uniform 
over an angular range of about three hundred 
degrees. The governor type of instrument is 
not much favoured owing to the comparatively 
large number of joints in the levers which are 
apt to wear and cause back-lash. Generally 
the centrifugal masses take the form of a ring 
pendulum or a crossbar free to swing about 
an axis * i nverse to t he rotating spindle. 

A typical example of a ring pendulum 
mechanism is shown in Fig. 2, and is largely 
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used for stationary machinery. This instru¬ 
ment was invented as far hack as 1884 by 
Schaffer and Budenberg. The driving shaft 
carries a circular disc of'metal B, the position 
of which when the shaft is at rest is rendered 
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oblique to the shaft by means of a coil-spring \ 
contained in the barrel C. When the shaft ! 
rotates the centrifugal force tends to turn the \ 
ring, so that its plane is at right angles to the ] 
axis of the shaft. The movement of the ring j 
is communicated by the rods I) to the sleeve 
E, and thence through the ball joint F to the 
crank arm .which actuates the quadrant and 
gear on the pointer spindle. The scale ob¬ 
tained is fairly uniform, but widens out some¬ 
what at the middle of its range. 

A lightly constructed modification of the 
above instrument is used on motor vehXiles 
and aero engines. The ring is replaced by a 
crossbar, to which is fixed a pair of weights 
and a sliding muff, which gives a very simple 
form of construction. The control spring is 
a fiat coiled spring, and the motion is com¬ 
municated by the connecting links to a sliding 
mull or collar. The groove in this collar 
engages with a cranked pin on the gear 
quadrant, which in turn actuates the gear wheel 
on the pointer spindle. A small spring is fitted 
to the pointer spindle to take up back-lash. 
The pointer rotates through nearly one com¬ 
plete turn for the full range, and in some 
cases, in order to give a still more open scale, 
the graduation is arranged to start at, say, one 
quarter tin- full scale reading by putting an 
initial tension on the spring. Three-quarters 
of the scale is thus spread out to occupy the 
full length. Instruments of this type are not 
dynamically balanced at all speeds, and the 
couple at right angles to the driving spindle 
often causes the entire instrument to vibrate 
slightly if it is not rigidly mounted. Com¬ 
plete balance can be obtained by using two 
weighted bars disposed symmetrically on either 


class of instruments in which the number of 
revolutions made bv the driving shaft is auto¬ 
matically and repeatedly counted for small 
equal intervals of lime. The mechanism con¬ 
sists of a small clock escapement fiietionnlly 
driven from the driving shaft, and some device 
operated by the clock which connects the 
driving shaft to the counting train for a definite 
time interval. 

As a typical example, one of the least com¬ 
plicated of this class made by Van Sicklen 
will be? described. Tliis instrument counts the 
revolutions for repeated periods of one second, 
the pointe” remaining steady at the reading 
for the average speed during the previous 
count. The mechanism is shown diagram* 
matieally in Fiy. 3, the trains of wheels being 
omitted for clearness. 



side of the shaft. 

The indinitions of any centrifugal instrument are 
the same fm- oil lu*r direction of rotation. A few general 
considerations with regard to the design of such in¬ 
struments might he mentioned here. The number of 
joints and levers should he kept as small as possible 
to avoid friction and slack due to wear. A hairspring 
should always lie fitted to the pointer spindle to take 
up hack-lash as a little play is inevitable, particularly 
at the groove in the sliding collar. All the moving 
parts, including the gear quadrant, should be statically 
balanced to eliminate the effect of accelerat ions w hen 
the instrument is used on vehicles. The inertia of 
the moving parts should be as small us is consistent 
with sufficient power to actual e satisfactorily, 
especially if the instrument is to he used on machinery 
i abject to sudden fluctuations of speed. Otherwise 
the driving shaft, if of the flexible type, is liable to 
lie over-stressed hv the inertia forces when the speed 
varies rapidly. The accuracy can be within -I 1 
per cent under ordinary conditions, although the 
author has found commercial instruments of the 
speedometer class to be in error often by as much 
as l> per cent at full scale. The temperature co¬ 
efficient is almost negligible for ordinary work. 

§ (3) C-I1RONOMRTRIO INSTRUMENTS.- .The 

name ehronometrio is generally applied to a 


The spring barrel is fixed to the shaft which 
carries three cams. The escapement allows 
the earn shaft to make one thirty-second of a 
revolution suddenly every half-second. One 
of the cam followers moves the line-toothed 
wheel on the driving shaft in or out of engage¬ 
ment with another wheel which is loose on the 
j pointor spindle. The cam allows the wheels 
I to engage for exactly one second. A similar 
line-toothed wheel is fixed to the pointer, both 
of the wheels being controlled by hairsprings 
tending to return them to a zero slop. The 
other two cams actuate pawls working on the 
two wheels. The pawl on the loose wheel 
allows it to return to zero after each operation, 
so that the angle through which it is turned 
when thrown into gear with the driving shaft 
for one second is a measure of the r.p.m. of 
the latter. A projection on the loose wheel 
catches against a spring arm fixed to the 
pointer wheel and carries this wheel a round 
with it. While the loose wheel is released to 
return to zero the first wheel is held by the 
pawl. Should the speed vary, the spring 
attached to the pointer wheel is pushed for- 
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ward and the wheel takes up a new position 
when released by its pawl. When a decrease 
in speed occurs the wheel falls back until the 
spring reaches the projection. Thus the 
pointer does not return to zero after every 
count, but remains indicating the speed for 
the previous second. 

Other instruments of this class have more elaborate 
mechanism; for example, the “Tell" instrument, 
has three vertical parallel shafts. The first carries 
three sets of cams, and its speed of rotation is governed 
and kept constant by the escapement. These fan is, of 
which there are six, act through six levers on to three 
double crown wheels mounted loosely on the second 
shaft. Three levers have ratchet ends which engage 
with tile teeth on one side of the crown wheels, and 
lock them, whilst the other levers actually lift the 
crown wheels and bring them alternately in and out 
of mesh with pawls which are carried round by the 
second shaft, which is driven from the main driving 
spindle of the indicator, the speed of which is required 
to bo known. Kach double crown wheel drives one 
of three fairly large diameter wheels on which a pin 
projects which carries forward a bar iixed on two arms 
and rotating on the sunn* axis. 'The second and third 
double crown wheels act in a similar way at equal 
intervals of time, iti such a way that the preceding 
wheel is not “unlocked” until the next one has 
been urged forward and locked in the position to 
which it has been wound in the interval during which 
it is driven from the main spindle. 

'Pile action is as follows ; The earns throw a double 
crown wheel into mesh with the driving spindle for a 
definite period of time, and at the inslant of being 
thrown out of mesh they are locked in position. 
During this time the bar has been earriinl forward 
against a spring which tends to return it to a zero 
position, before the first, w heel is unlocked a second 
has gone through the same cycle and subsequently 
maintains the position of the bar unless the speed has 
altered in the interval, in which ease* it pushes it 
farther forward for an increasing speed and lets it 
back if the. speed has decreased. The large wheels 
gearing with the double crown wheel*'* are also 
returned to a zero position by means of a spring. 
’J'lie movement of the- bar is recorded by the pointer 
through a special form of rack and pinion gearing. 
There are, of course, several other well-known 
chronometric tachometers, such as the Jaeger and 
Isochronous, but they do not differ sufficiently from 
the foregoing to need special description here. 

Chronometric instruments have a perfectly 
uniform scale over the entire range of speed 
indicated, and, moreover, the scale is fixed by 
the dimensions of earns and wheels and can 
only be changed by the wearing down of the 
cams or changing the wheels in the counting 
train. The accuracy of the best class of com¬ 
mercial instrument is within J A per cent of 
full scale reading. The attainable, accuracy is, 
however, governed by the size of the teeth on 
the wheels, since in some instruments the 
width of a tooth may be equal to several r.p.rn. 
divisions on the scale. The temperature co¬ 
efficient is practically that of the time element 
in the mechanism and negligibly small. If a 
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flexible driving shaft is used this should bo 
arranged to run very steadily, otherwise a 
movement of the pointer occurs up and down 
in small jerks, rendering a true average difficult 
of estimation. 

5} (4) OlCNTltlFlUJAL FLUID TaOUOMETKKS.— 
Tachometers depending upon the centrifugal 
forces brought into play by the whirling of 
fluids are characterised by the simplicity of 
their construction and by the fact that the 
calibration can usually be calculated from the 
dimensions of the instrument 
without reference to a standard 
for comparison. This, of 
course, is a considerable ad¬ 
vantage. The most elementary 
example of the fluid type is 
the rotating cup used as a 
rough indicator on centrifugal 
cream-separators, etc. When 
a body of liquid is rotated in 
an open vessel the free surface 
of the liquid takes the form of 
a paraboloid with its apex on 
the axis of rotation and pointing downwards. 
Fi</. 4 is a sketch of the form of the liquid 
surface. 

It can lie shown that the depression h is 
given by the expressions 

. w 2 r 2 . t r 2 //V a 

* :l% ’ 

where r - radius of free surface, 

a speed in revolutions per minute, 

</ — acceleration due to gravity, 
w angular velocity in radiansprrsceond. 

The value of h therefore depends on the 
square of the speed ami the device is thus most 
suitable for high speeds. Since the depression 
is also proportional to the square 
of the radius of the free surface, 
it is evident that, if tin* shape of 
the cup is other than parallel, the 
calibrati m ran be made to vary 
from the square law, and shaped 
cups are sometimes used in 
practice. 

An interesting ease of whirling 
liquids is that in which the liquid is 
contained in a closed cylinder, and 
the edge of the parabola readies the 
top of the vessel after a certain spec 



FIG. 


•d. as shown in 


•I after a certain ! 

Fit/. f>. It, can hi* proved theoretically that the 
depth />, of the parabola after this critical value 
becomes a linear function of the speed. 


That is, 


7q — a 


v? 

\ Ml 
/*. 


> 'Mi 

where //, is the depth from the top of venue’, h is the 
depth of paraboloid just ns it touches the top. 
r is the radius of cylinder. 
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Tim calibration will therefore vary as the square 
<>1 the speed up to a certain value determined by 
the point where the liquid edge just tone lies the top. 
and above this value of the speed the depth of the 
apex will vary directly as the speed. This particular 
form of cup is the one generally used in tuehumeters. 

§ (•”>) Ckntiukuual Pump and Piikssuhk 
(Tvuuk I NSTKUMliNT. - Tachometers which 
utilise the dynamic head or the suction created 
by an elementary centrifugal pump are a 
well-known class of speed-measuring instru¬ 
ments. This principle was first used by 
iStroudlev in 1871). In one form of instal¬ 
ment a small impeller with radial vanes 
rotates in a chamber containing liquid, and the 
head due to centrifugal force on the rotating 
fluid is transmitted to the column above the 
body of the instrument. A small reservoir 
surrounds (he bottom of the tube to indicate 
the zero or datum line of pressure, and it is a 
very important, point that this should not 
change due to leakage, etc., as any variations 
in level all ret the height of the. pressure 
coin mu by an equal amount. 

I he calibration of tin* scale is very nearly 
proportional to the square of the speed, and 
the instrument is well suited for fairly constant 
speed machinery, since tin* indication can be 
arranged to occur at the upper or open part 
of tin- scale by the use of the appropriate 
gear ratio. 'The accuracy of fluid types of 
tachometers depends very largely on the 
construction and the conditions tinder which 
they are used. 

All tin* above instruments are of course independent 
of the density, as this factor enters directly into the 
dynamic head produced by the pomp and the 
hydraulic head of the measuring column. Also for 
the same reason they have a very small temperature 
coellieient, provided all the liquid is at a uniform 
tempera (tire. This condition requires that self¬ 
heating in the pump should he negligible. 

§ (I>) Ak iioi>v nAm i(’ Ta(■ n o.mKTK us. —Instru¬ 
ments depending upon the centrifugal force 
exerted by an air column when rotated, have 
found some slight application. Their chief 
merit lies in t heir simplicity. 

The usual arrangement is shown in Fit/. (5. 
The tube A rotates about a vertical axis, and 
the centrifugal force on the particles of air 
contained in the tube creates a radial pressure 
gradient. The pressure at the open end of (lie 
lube being equal to that yf the atmosphere, a 
suction is set up at the centre, ;yid this suction ; 
is measured by a IJ-tube, or a sensitive vacuum 
gauge li.xed at any convenient point. The 
joint between the rotating tube and the 
stationary tube is effected by a simple mercury, 
seal. The suction obtained varies as the 
square of the speed and is, of course, very 
small even when the instrument runs at a 
high speed. 8 

One of the disadvantages of this type of 


instrument is the influence of the variability 
in the atmospheric density due to changes 
in the barometer and the temperature. An 



error amounting to several per cent is possible 
from day to day due to these causes. 

Another pattern of aerodynamic instrument which 
does not, however, depend upon centrifugal force is 
the Air-Vane type. The principle of this device is 
the list- of two small air \aites mounted in close 
proximity, one rotated by the dri\ing shaft and the 
other pivoted and free to rotate under the control 
of a spring. The torque on the pivoted vane depends 
approximately upon the square of speed of the driven 
vane and diieetlv upon the density of the surrounding 
medium (air). The spring is so arranged that the 
controlling force increases with the dellectiou to 
counteract the increased torque, atul this gives a 
fairly uniform scale. The disadvantage of variable 
density, already mentioned, limits the accuracy 
obtainable. Moreover, tin rotation of the vane 
itself tends to heat up the air inside the ease, whieh 
results in a ehange of density. This inaccuracy 
could be eliminated by hermetically sealing the case, 
but the expedient would gite rise to serious practical 
diflicnllics in the construction. 

§ (7) Maunkth* Tachomktkr. It is a well- 
known fact that, if a magnet is rotated near a 
sheet of electrically conducting material, the 
sheet will experience a couple about the axis 
of rotation of the magnet due to the eddy 
currents induced in it by the motion of the 
magnet. 1 Taehometers designed on this simple 
principle have found extensive application. 
The two best known instruments of the class 
art* the “ Warner ” and the 11 Stewart.' 1 

The Warner instrument (Fi<j. 7) has a metal 
drum A mounted on the axis B, so that its rim 
cuts the held due to the magnet The magnet 
is rotated by a shaft connected to the machine, 
whose r.p.m. is being measured. The eddy 
currents induced in the drum drag it around 
against the action of the spring E. The edge 
of the drum is graduated and viewed through a 
small window at the side. The divisions are 
equidistant at all points of the scale. The 
adjustment for calibrating the instrument, is 

1 Thh principle is frequently used in the design of 
a damping device in electrical instruments. 
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made by simply screwing the bearing in or 
out to decrease or increase the air-gap in the 
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magnetic path and thus vary the deflection. 

The Stewart instrument is simpler, the 
magnet being circular, as shown in A {Fig. 8). 
The eddy current disc, as in the Warner, is 
made in the form of a drum B, fitting over 
the magnet with one long pivot (' in the axis 
of the magnet. In order to reduce friction no ; 

bearing is fitted at the top, > 
where the control spring C 
is fastened. The gradua¬ 
tions in the simplest form 
are printed directly on the 
edge of the drum. A simple ( 
method is employed to 1 
set the calibration. The 
magnet A is provided with 
a small soft iron plate, 
fitting tightly on the axis, 
and by rotating this plate 
by a very small amount 
relative to the magnet, 
with which it turns, more or less of the magnetic 
field can be short-circuited. The magnetic field 
in which the drum moves can therefore be 
changed and the calibration set, or corrected at 
any time, provided the magnet is not too weak. 

Some instruments are fitted with a mileage 
counter to render them suitable, for motor-car 
work as speedometers 

The temperature coefficient of this type of tacho¬ 
meter is usually very large, being of the order of 1 per 
cent per degree centigrade. To obtain as great torque 
us possible on the disc for u given speed the magnetic 
field should he strong and the disc of low electrical 
resistance. 'Hie first factor is limited by 1 he size of the 
magnet, which must not Ik? cumlxsrsomc or possess a 
large moment of inertia. The second factor, low elec- . 
trical resistance, demands the use of a pure metal, such ! 
as silver, copper, or aluminium. Aluminium is the one i 
in general use on account of its low density. These jt 
metaLs have temperature coefficients of resistance of ! 
the order of 0 4 per cent per degree, and to completely j 
eliminate this factor would necessitate the use. of some i 
alloy, such as manganin, which has the attendant dis- j 
advantage of high specific resistance. If a drum • 


i of this alloy wore used the torque would Ik? reduced 
: in the inverse ratio of the electrical resistance, 
j i.e. 1 to !U) approximately. If is not, of course, 
i difficult to devise automatic compensation for the 
! temperature coefficient, but in commercial practice 
| very litfk? attention is paid to the point, cheapness 
! of construction being a vital consideration. One 
j continental instrument, however, has a compensat¬ 
ing device which varies the air gap by the uso of a 
liquid-filled capsule. Also, some models of the 
Warner instrument have a bimetallic strip com- 
1 pensator, and this is effective. 

§ (8) Electrical Tumiometeus, Magneto 
Generator Instrument. This typo of tacho¬ 
meter is widely used under conditions where 
I the indicator lias to be placed at a eonsider- 
i able distance from the machine whose speed 
I is required, as, for example, oil board ship. 
The essential part of the device is a small 
dynamo generating continuous or alternating 
current; this generally takes the form of a 
permanent magnet dynamo. A suitable volt¬ 
meter is employed with a scale graduated 
in r.p.m. A generator of the continuous 
current type is shown in Fig. 9. The armature 



may have from six to eighteen slots, according 
to circumstances, and it is desirable that 
it should be wound with the maximum 
number of turns in older to obtain a high 
voltage. This armature rotates iu a tumid 
in the soft iron shoes fitted to a permanent 
magnet or alternately in a tunnel ground 
in the mids of the magnet if self. 'The clear¬ 
ances between the rotating parts should be 
made very small, as this is advantageous in 
two ways : it helps to maintain the strength 
! of the magnet constant, and also gives a 
stronger magnetic field. The commutator and 
brushes both require careful desig.i and skilled 
workmanship. Carbon brushes need a con¬ 
siderable pressure and are liable to chatter 
under vibration. They are, moreover, sus¬ 
ceptible to any readjustment, and must be run 
in before the calibration becomes consistent. 

The modern tendency is towards brushes 
made from narrow strips or lingers, both 
brushes and commutator being made of silver 
or gold to avoid oxidation. The current 
taken from these generators is so small that 
armature reaction does not enter into con¬ 
sideration, and the voltftge generated is almost 
exactly a linear function of the speed. The 



y Magnet 

Fig. 8. 
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Tlit; objct't of generating a com|>;i ratively high 
voltage and then using a high resistance in the 
circuit is twofold. 1 In tin* first place it renders the 
variations in the resistance, of the- connecting wires 
unimportant, and, secondly, it enables the effects 
of changes in temperature to be rendered small. 
The temperature eoeflicient is (lie. most serious 
difficulty in connection with the design of electrical 
tachometers. Temperature changes all'cet (rr) the 
magnetic strength of the magnets in both instrument 
and generator ; (/<) the strength of the control spring 
in the instrument; and (<■-) the resistance of the 
windings of both indicator and generator. The 
temperature coefficients of the magnet and the 
spring in the indicator may, to some extent, counter¬ 
act one another; hut the temperature effect on the 
magnet of the generator remains uncompensated. 

The resistance, of the copper winding can be made 
small in value in comparison with total resistance. 
This artifice, however, only affords a partial solution 
of the difficulty, and it would !>o preferable to eliminate 
copper entirely from the windings of both the indi¬ 
cator cod and the generator armature and use an 
alloy of negligible temperature eoeflicient such as 
manganin. The writer has tried this and found it 
successful, the only practical (lillivulty being the 
stillness of the manganin when winding the moving 
coif former. It would of course he possible to use 
very fine wire under them* conditions, since the 
“swamp” resistance is not then required and need 
only be retained for the purposes of adjustment to 
secure correct, range and interchangeability. 

The temperature coefficient of a well-designed speed- 
measuring set can he made of less than II I per cent 
per degree ('.. hut the average instrument is found 
to have a temperature coefficient o^more than twice 
this amount. It is advisable to shield the instru¬ 
ment a, both generator and indicator, in soft iron 
eases to eliminate the effect of 9 stray fields and the 
proximity of magnetic material. # 

Alternating - current tachometers were at 
one time used to a considerable extent on 
motor vehicles, and these were very simple 
in construction. Th$ generator was of the 
1 Sen “Voltmeters,” Yol. II. 


made to attain great accuracy or to reduce 
the tenyiorature eoeflicient. 

§ (9) Squirrel Caue Speed Indicator.-- 
An interesting instrument, which depends 
upon the angular position of the resultant 
of two magnetic fields in the interior of a 
squirrel cage winding, has been invented by 
Mr. F. B. Brown, 1 of Melbourne. The instru¬ 
ment consists of a cylindrical soft iron arma¬ 
ture core, which can he rotated on its axis 
between pole-pieces attached to a permanent 
magnet. This armature is provided with slots 
or tunnels carrying a number of insulated 
conductors short-circuited by rings at both 
ends of the armature in a manner similar 
to the well-known squirrel cage, winding used 
in A.C. motors. At one end of the armature 
the squirrel cage projects considerably beyond 
the armature core, as shown in Fuj. 12, in 
which. A is the armature core (which may lx* 
laminated), (' are tin* conductors (which may 
be any number from three upwards), and K, 
and R., are the short-circuiting rings. The 
conductors C arc insulated in the slots from 
the core, but the ring B, need not be insulated 
and may be sweated or screwed on to the core. 
When the armature is rotated between the 
pule-pieces of a permanent magnet, KM.F.’s 
are set up in the conductors. If the rotation 
round the axis (assumed vertical) be in the 
direction of the arrow (Fit/. Ill), the K.M.F.’s 
will be upwards oil the left-hand side of the 
armature, and downwards on the right-hand 
side. There will consequently be a belt of 
current flowing up one side of the armature 
and down the other. The direction of the 
current in the conductors is indicated in 
Fitj. Ill, and also the forward displacement of 
the line of zero current, which results from the 
self-induction of the armature winding. 

1 The Electrician , 1017, lxxx. 117. 
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OR the result,ant. The direction of OR, tile 
resultant, Held," depends on the speed <•' 
rotation of the armature, an,l it m only 
neeessarv to add a small pivoted vane of soil 
iron at tached to a point er and some form of 
damping mechanism. to make the apparatus 
a practical speed indicator. The soft iron is 
enclosed in a lived tube to prevent the action 
of air currents (this is omitted from the 
diaoram for clearness), and is attached to a 
vertical pivoted axis, which also carries an 
air-damping vane and a pointer ,nov.no over a 
graduated scale. U gives a calibration 

curve, of an instrument of this type. 


Pig. 15. 


mercury 


and 

and 

only 



10 20 30 40 50 60 70 80 

Deflection in Degrees 

1’IG. 14. 


v, i» usual 1,1 s, 1 ,1, instruments, the moving element 
is‘l,alanc,4 11 host it. axis, so that ^Instrument 
ran lie used in an inclined position. .V. <•>•><"• 

.prill.. is .-essary. Walise the plate <■ »>f‘ 

lakes up the direction of the result,ml held, white 
m ,.derate variations in the moment of the magnet 
will not alfeet the iudieations of the. instrument, 
since they alfeet both initial and dcllecling ilehls 111 


(lie name ratio, and thus the direction of the re. 
sultanl is umhunged. 

§ (10) Viscosrrv Instruments. (i.) Vi*- 
cositif of Mercury Tachometers. Tachometers 
making use of the variations in the viscous 
dra<* on a solid immersed in a whirling fluid 
have hem developed in a variety of forms. 

In one typo, which is used on aircraft, the 
arrangement, consists essentially of a perforated 
circular disc fixed to the driving shaft, and 
rotating close to a small cross-arm fixed to the 
pointer* spin die, as shown in the sketch {Fig. 

I 15). The disc and arm are contained m a 
cavity full of mercury. 

The mercury. being 
| carried around by the 
j disc, tends to drag the 
| cross-arm with it against 
! the pull of the spiral 
I spring. The torque 
| exerted upon the arm 
! depends approximately 
! upon the square of the 
1 speed, and the scale 
opens out in the middle, 
hut closes in rapidly 
nc< u- the tup, line pre¬ 
sumably In slip between tin- 
tile plate. The tleviee is very simple 
emu pact, the mercury chamber bei 
about one inch in than,etc. The instrument 
is fairly reliable; its chief 'lisadvauta.ee hes 
in the fact that the spimlle of tile pointer has 
to pass through a hole ami lie made mereury- 
The friction here must necessarily be 
more than if flic spindle were pivoted. The 
temperature cocflicienl of viscosity is small. 
In the ease of a well made instillment flic 
! temperature coefficient, was found to be 00.1 
per cent per degree (’.. and tins includes the 
| temperature coefficient of the control spring. 

* .\ Hlinht.lv different- type of mercury viscosity 

instrument to the above has been made for 
use on motor vehicle*. This particular instru¬ 
ment employs a rotating cup containing 
mercury immersed in winch is a small drum. 
The drum is lived to the pointer spindle and 
controlled bv spiral springs. Tins spring 
control is of a novel type in so much that, an 
attempt has been made to equalise the spacing 
of the graduation by the use of three control 
springs of different strengths; these springs 
are net rigidly fixed to the spindle carrying the 
: pointer, but home into action on contact 
with a stop on the spindle at a definite angular 
position. The controlling force is thus due to 
i one spring only at the beginning of the scale 
and to tiie sum of three springs at the top 
end when the torque due to viscosity is 

greatest. . 

(ii.) Viscosity of Ai/ Tachometers. — I he, 
advantages of using air as the viscous medium 





METERS 


541 


in <t tachometer are obviously considerable, 
since, tin; spindle need not pass through a 
liquid-tight joint. Hut, on the other hand, the 
forces obtained are. very much smaller than 
those, available with liquids, such as mercury, 
and consequently .the workmanship must be 
very good to produce a satisfactory instrument. 

A speedometer has been introduced recent ly 
b}' the Waltham Watch Co., in which the 
viscous drag between con¬ 
centric. cups is utilised. 
The device consists of two 
brass cups tixed to the 
driving shaft, telescoping 
into which are two inverted 
aluminium cups pivoted 
ami (‘ontrolled by a spiral 
spring. The arrangement 
is shown in sketch, Fuj. lb. 
The air-gap between the 
adjacent walls of the 
rotat ing and stationary cups 
is only half a millimetre. 
The aluminium cups are 
very light, the wall being 
only 0 08 of a millimetre in thickness. The 
spindle is mounted in jewel bearings: the 
method of mounting is shown in sketch, Fuj. lb. 

The scale is marked on the outer surface of 
the aluminium cups. The graduation of the 
soak* is uniform, the del lection being propor¬ 
tional to the speed. 

It ran lx* shown by e\|n riincnt that, the drag 
lietwcrn two surfaces close together in relative 
motion is of the form : Torque >■- 

where V relative linear speed of the surfaces, 

.s- area of surface, 

and tl -distance between them. 

This law holds up to a critical velocity, after which 
the index of V increases to approximately the second 
power. The fluid instruments already considered 
work over a range of velocities above this critical 
velocit y, since its value is very low for liquids. The 
air viscosity instrument is arranged to run at. low 
speed (about. 1000 r.p.ni. at full scale), and the 
greater torque incidental to high speeds of rotation 
is sacrificed to retain the linear calibration. An 
arrangement is provided to cause frictional damping 
when lluctuating speeds are measured. This consists 
of a small disc at the top of the drum spindle, 
the surface of which hears a jewel on the end of a 
spring, so that, by varying the pressure more or less 
friction is introduced ; sucji damping is of course 
obtained at the expense of sensitivity. 

§ (11) Kksonanok TAtmoMBTBits.—Reson¬ 
ance instruments of the reed type are often 
used in electric generating stations where 
machinery runs at a fairly constant, pit* 
determined Rpeed. It. is a well-known fact, 
that if a flexible bar or reed is rigidly connected 
to a support which js vibrating or subject, to 
impulses of definite frequency, the bar will 
vibrate in resonance with a considerably 
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1 greater amplitude than that of the support 
I if the period of the impressed oscillation is 
| equal to, or is a definite multiple of, the 
j natural period of vibration of the bar. (Jencr- 
I ally a piece of rotating machinery possesses a 
I slight out of balance effect which sets the 
I entire machine and Imd-plate in vibrajion, 
and usually the oscillations set up have tin* 
same period as the speed of rotation. A reed 
of the appropriate period will therefore 
resonaty if fixed to any part of the machine. 
In practice an instrument is made up of a 
: series of reeds of uniformly decreasing period, 
j as shown in F'nj. 17. The reeds usually take 






; Km. 17. 

! the form of steel strips of varying lengths 
loaded at the end, the period being initially 
! adjusted by filing down the weight. Tin* 
j weight of the white paint on the tips has an 
j appreciable effect on tin* natural period of the 
| reed and consequently it must not. be liable 
i to flake off or absorb moisture. 

I If the number of reeds cover a wide range of 
i speed, then more than one reed will respond 
i to a given vibration, since the reeds whose 
! periods are multiples of the particular fre- 
! quene.v will be set oscidating. The primary 
I frequency can, however, be recognised as that 
j of the reed having greatest amplitude. The 
I ease of the instrument is usually mounted 
j direct on the machine. Tin* amplitude of 
I the reed is normally as shown in Fiy. 18, but 

3500 4000 

I i 11 I i J i I i lit i I i I i 11J 

..ijll.. 

Fin. is. 

if found to be insufficient for easy observation, 
j use ea.ii be made of a springy support, such as 
j a steel arm, for the ease ; on the other band, 
if the amplitude is too great, then a pad of 
soft, material, such as felt, is interposed 
between the ease and its support. 

This type of tachometer is sometimes used 
as a transmitting instrument, bv the addition 
of an electromagnet to excite the reeds and a 
j make and break contact on the rotating shaft: 

the instrument then being identical with the 
< electrical frequency meter used on alternating- 
l current circuits. 
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§ (12) Miscellaneous Taohombtkus — 

Rover Recorder. —Thu indication of this 
tachometer depends upon the pressure 
generated by a pump delivering oil through 
a variable orifice. The instrument is designed 
primarily as a recorder for railway work. 
The pump is of the well-known type, employing 
two meshed cog-wheels driven in opposite j 
directions from the driving shaft. *. This forces ; 
oil into a cylinder, displacing a piston against j 
the pull of a spring; the oil escapes through I 
an adjustable slot in the side of the cylinder, j 
Since the quantity of oil delivered by the pump ; 
varies directly as the speed, the piston must 
move upwards to increase the size of the slot i 
and the pressure to a sufficient extent to permit ! 
the increased quantity to pass. The piston j 
rod carries a pen recording on a drum, and j 
also transmits the indications to a dial gauge | 
by means of a chain and pulley arrangement i 
similar in form to the simple string type of j 
level gauge described in § (14) (ii.). The 
instrument’s chief merit is its robustness, 
which lits it for the somewhat trying conditions i 
prevailing on locomotives. The temperature | 
coefficient cannot he made small, since the 
discharge of this type of pump, and the How 
through the orifice, will be influenced by 
changes in viscosity, etc. 

§ (13) Camhration ok Tachometers.— -The 
calibration, or checking of tachometers, can be 
effected by two methods: (l) counter and 
watch, or (2) stroboscopic observation. The 
counter method needs no explanation, except 
to point out that the calibration gear must 
run very steadily over definite periods to allow 
of sufficient time for counting. Stroboscopic 
methods arc very convenient and accurate, 
since they depend essentially on the constancy 
of a tuning-fork. The time of vibration of a 
steel fork can be approximately determined 
from the following formula, regarding each 
prong as a bar fixed at one end : 

N = 84,590 n// a , 

where N -number of vibrations per second of 
the prime tone, 

a - thickness in cm., 

I -length in cm. 

The approximate nature of the formula is due to 
the assumption that the bar is rigidly fixed at one 
end, whereas in practice the bar is bent into a U» thus 
making the equivalent value of l uncertain. Forks 
can easily he tested and adjusted by comparison by 
ear with a standard fork. The beats in the sound \ 
Income distinct when the forks are very nearly in j 
unison. Forks can, however, be obtained com- i 
mercially w ithin about one-tenth per cent of a specified 
frequency. When it is desired to verify a fork in | 
the laboratory, the usual method is to use a dropping j 
plate. In this method a very light quill of paper . 
is stuck on tile tip of one prong and the fork supported 
in a position such that the quill traces a line on a j 
sheet of smoked glass which is allowed to fall freely J 


in front of it.. Tint number of vibrations in a given 
distance can bo counted, and the time interval found 
by calculation from the known value of acceleration 
due to gravity. The temperature coefficient of a steel 
fork amounts t-oO-Ol per cent, per degree centigrade. 

(i.) Stroboscopic Method of vieasurimj Speed 
with Slits .—The slit fork method utilises the 
persistence of vision when an object is viewed 
intermittently. A tuning-fork is fitted with 
two plates at the ends of the prongs, which are 
perforated with narrow slits, as shown in Fig. 
likj The vision through the slits will be inter¬ 
rupted twice every com¬ 
plete vibration of the 
fork. Consequently, if 
any rotating regular 
figure or circle of equi¬ 
distant dots is viewed 
through the slits when 
the fork is vibrating, 
the first momentary view 
will give an impression 
of a stationary disc, the 
next coincidence of the 
slits will show the dots in 
a new position, and if the 
speed of rotation has 
certain definite values a 
corner or dot will have 
moved forward to the 
position occupied by the 
one previously observed, 
hence the disc will ap¬ 
pear to remain quite 

stationary. The series of speeds at which this 
effect is apparent is given by the expression 

n — 12< \fja, 

where n — speed of disc in r.p.m., 

/ — frequency of fork (complete vibra¬ 
tions per second), 
a number of corners or dots. 

The figures repeat themselves for multiples 
of the speed, and with the elementary types of 
figures it is somewhat difficult, to determine 
which multiple of the speed is under observa¬ 
tion. For this reason it is usual to employ a 
standard disc, (with a 50 D.V. fork), on which 
is printed a thirty-point star, a hexagon, a 
pentagon, and a square. Certain figures will 
appear to be motionless for particular speeds. 
All other figures will, of course, be blurred. 

It will be observed that the apparatus is 
especially adapted for giving points at intervals 
over the range, for calibration purposes. Inter¬ 
mediate speeds cannot be measured, although 
slightly different speeds from the fixed values 
can be estimated from the apparent backward 
or forward creep of the disc in a measured 
interval of time. 

Tuning-forks for stroboscopic methods are 
usually maintained electrically by a small 
electromagnet between the prongs with a make 
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id break contact on tiic aide of the prong, 
two-volt, battery and less than a fifth of an 
npere current is usually sufficient to maiu- 
iin the vibration. The weight, of the shutters 
1 the etui of the prongs affects the frequency 
: the fork, and they should therefore be fitted 
•fore the fork is adjusted. 

Harrison and Abh.it have devised a very 
mvenient arrangement of the stroboseopie 
tolhod in which the disc is observed by inter- 
lit,tent, illumination. The fork is electrically 
laintaiiiod, as above described, while a cont act 
perated by the fork is used to make and break 
tc primary of an induction coil operating a 
eon discharge lube. The complete arrange- [ 
tent is shown in Fig. 20. The illumination 
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obtained is a faint red glow, but is quite 
sufficient if the disc and tube are placed in a 
Inix with an inspection hole. the advantages 

over the slit fork are ..siderable, since both 

tile tachometer under test and tile rotating disc 
are under observation simultaneously. The 
same diagram on the disc now corresponds to 
half the speed for the same frequency of fork, 
since the Hashes of tight only occur once for 
eaelt complete vibration, whereas the slits will 
register twice in cacti vibration. 

Talus I 


XABI.B or S.’KEos you ',() D.V. Tcsisu-rnuu 
IS Revs, run Minute 


With 

:to-i>uiut 

Star. 

• 

Other laurel*. 

50 

1 >« mbit- 


too 

.Single 

• ■ . 

150 

Double 


IC>(>-7 


Triple Hexagon. 

2<H) 

Single* 

Triple Pentagon. 

250 

Double 

Double Hexagon. Triple Square. 

300 

Single 

Double Pentagon, 

333-3 


Triple Hexagon. 


Tame 1 ( omiimitd ) 


With 

Nt-un 

Bt.ir. 

fit her r i^urei. 

350 

Double 

• 

375 


Double Square. 

400 

Single 

Triple Pentagon. • 

450 

Double 


500 

Singl ’ 

Single Hexagon, Triple .Square. 

550 

Double 


000 

Single 

Single Pentagon. 

050 

Double 


000-7 


Triple Hexagon. 

700 

Single 


750 

Double 

Single Square, Double Hexagon. 

800 

Single 

Triple Pentagon. 

833-3 


Triple Hexagon. 

850 

Double 


000 

Single 

Double Pentagon. 

050 

Double 


1000 

Single 

Single Hexagon, Triple Square, 
Triple Pentagon. 

1050 

Double 


1 LOO 

Single 


1125 


Double Square. 

1150 

Double 


1100-7 


Triple Hexagon. 

1200 

Single 

Single Pentagon. 

1250 

Double 

Double Hexagon, Triple Square. 

1300 

Single 


1333-3 


Triple Hexagon. 

1350 

Double 


14(H) 

Single 

Triple Pentagon. 

1450 

Double 


1500 

Single 

Single Square, Single Hexagon. 
Double Pentagon. 

1550 

Double 


I0IH) 

Single 

Triple Pentagon. 

1050 

Double 


1000-7 


Triple Hexagon. 

1700 

Single 


1750 

Double 

Double Hexagon, Triple Square 

1800 

Single 

Single Pentagon. 

1833-3 


Triple Hexagon. 

1850 

Double 


187 5 


Double Square. 

1000 

Single 


1050 

Double 


2000 

Single 

Single Hexagon, Triple Square. 
Triple Pentagon. 

2050 

Double 


2100 

Single 

Double Pentagon. 

2150 

Double 


2100-7 


Triple Hexagon. 

22(H) 

Single 

Triple Pentagon. 

2250 

1 )oublo 

Single Square, Double Hexagon. 

23(H) 

Single 


2333-3 


Triple Hexagon. 

2350 

Double 


24(H) 

Single 

Single Pentagon. 

2450 

Double. 

. • ■ 

25(H) 

Single 

Single Hexagon. Triple Square. 

2025 


Double Square. 

27(H) 

Single 

Double Pentagon. 

2750 

Double 

Double Hexagon. Triple Square. 

30(H) 

Single 

Single Square. Single pentagon. 
Single Hexagon. 
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(ii.) Synrhrnmxing Fork.— Messrs. Jx*ods aiul 
North rup, of Philadelphia, have devised a 
method of obtaining constant and definite 
speeds for the calibration of tachometers 
without the necessity of manual adjustment. 
The instruments under test are driven through 
a series of gears, giving the desired calibration 
speeds, off the shaft of a rotary converter. It 
is well known that an alternating-current 
generator and synchronous motor will react 
upon each other and keep in step. In the 
Northrup device the rotating converter supplies 
alternating current to a synchronous load in the 
form of a tuning-fork and incandescent lamp. | 
The fork holds t he generator to a constant speed 
such that the frequency of the alternating i 
current is equal to the frequency of the make | 
and break on the prong as determined by the j 
natural period of the fork. The scheme of ; 
connections is shown in Fit/. 21. 



The standard fork is arranged to operate at 
from fifty to seventy-five vibrations per second. 
In order to procure this range of rate of 
vibration, sliding weights are provided which 
are mounted upon the prongs of the fork. Slight 
variations in the rate of vibration of the fork 
can he accomplished by moving heavy springs 
along the prongs of the fork. These springs 
are moved by means of a screw, and the adjust¬ 
ment can be made while the fork is in opera¬ 
tion. 

Elat brass plates are mounted upon the 
movable weights on the prongs of the fork. 
Slits are provided in these plates in order that 
it may he stroboscopieally determined when 
the converter is running at the proper speed. 
There is a vibrating contact device on each 
prong of the fork. One of these makes contact 
only at one end of its travel, and is in the circuit 
of the electromagnet which actuates the fork. 
The other contact interrupts a circuit from the 
A.C. end of the rotary converter through ail 
incandescent lamp. Tin? load which is thus 
thrown upon the converter is used in holding ; 
the converter in synchronism with the fork. I 
The operation is ag follows : ; 

The fork is caused to vibrate at a rate corre¬ 
sponding to the frequency of the AX', current, j 
delivered by the rotary converter when run- j 
ning at the desired speed. This is a com- [ 
parativcly simple operation made by means ■ 
of a telephone. Assuming that the fork and 


j converter an* in synchronism, the function of 
I the device is to maintain this synchronism 
j despite changes of the D.C. voltage and of the 
I load upon the converter, either of which would 
tend to change the speed of the converter. 

It. will he seen from an inspection of Fiff. 21 
that a circuit is taken fr< m the A.C. end of the 
| converter through an incandescent lamp and 
through the double contacting device on one 
prong of the fork. A transformer is interposed 
in this circuit for two reasons. First:, were it 
not for this transformer there would be a cross- 
connection of circuits in the fork, as both the 
A.C. current from the converter and the D.C. 
driving current pass through the fork and also 
through the same windings in the armature of 
the converter. Second, the transformer raises 
the A.<'. voltage to 110 volts, or a multiple of 
110. in order that lamps of a standard voltage 
may he used for the regulating load. Assum¬ 
ing, now, that the converter and fork are in 
synchronism, for every cycle of the A.C. 
voltage curve two contacts will be made at the 
fork, and two impulses will be sent through the 
lamp. These contacts may take place at any 
]joint, on the voltage curve, hut so long as there 
is no tendency to alter the speed of the con¬ 
verter, they will always take place at the same 
point. Thus a certain voltage is impressed 
across the lamp during a brief interval twice 
in each cycle. This lamp is thus a load upon 
the converter, the magnitude of this load 
depending upon the voltage impressed upon 
the. lamp. 

Mow let us suppose that either a change of l ).C. 
voltage or a change of load upon the converter 
should occur. The speed of the machine would 
tend t<> change. This would tend to throw the 
A.C. current out of synchronism with the fork. 
The result, would be that the voltage impressed 
across the lamp would he dilTereiit, because 
the contacts would be made at different points 
on the voltage curve. ! I the speed were tending 
to increase, the contacts would occur nearer 
the top of the voltage curve, impressing a 
greater vollage across the lamp load, and thus 
putting a greater load upon the machine and 
slowing it down. Should the speed be tending 
to become less, a reverse result would occur, 
both results acting to keep the A.C. current ill 
rigid synchronism with the fork Thus the 
! speed regulation takes place automatically, 
until the forces tending to change the speed of 
the converter become excessive. 

An absolutely steady source of E.M.E. is not 
necessary fo“ the successful operation of the 
converter. Fluctviations in the D.C. voltage 
amounting to 5 to 7 per cent from the nominal 
value can be eared for. 

It is sometimes necessary to \ise more than 
one lamp. In this case the several lamps are 
generally connected in parallel. The number 
of lamps which it is necessary to use depends 
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upon the amount of change of the load, either 
electrical or mechanical, which is put upon the 
machine. For example, a machine with a 
normal rating of 5(H) watts was controlled with 
a load of 40 watts when the useful load varied 
between 3110 and 270 watts. A regulating load 
of about 340 watts was required when the 
useful load upon the same machine varied 
between 300 and 00 watts. The speed regula¬ 
tion claimed is wit hin the accuracy of the fork, 
that is 0T per cent, provided the load put on 
to the shaft is not suilirient to break the 
synch roiiism. 

The frequency of the fork when once set ran 
be found by stroboscopic comparison with a 
standard, and all the changes for calibration 
purposes are made by means of gears. 

II. bull’ll) Level Tn dicatohs 

The lime-honoured method of indicating the 
level of liquid in tanks is of course the gauge- 
glass. This consists simply of 
a glass tube communicating at 
its upper and its lower end 
with the top and the bottom of 
the tank. The method is uni¬ 
versal in the ease of steam 
boilers, and lias been tried on 
the fuel tanks of aircraft and 
motor vehicles, hut owing to 
the varying inclination of the 
tanks, particularly in the ease 
of aeroplanes, the indicator 
rarely gives an accurate estima¬ 
tion of the contents. Moreover, 
the fragile nature of glass is a 
serious consideration where in¬ 
flammable liquids are eon- 
corned. 

§ (14) Float (Jauoes. (i.) 
Final ami Rod flange. —4 bulges 
based on I,he use of floats have 
been devised in a variety of 
forms. Probably the simplest 
example is that shown in Fiij. 
22. The vertical tube contains 
a rod free to move up and 
down with a pointer at the 
upper end, and a float at the 
lower. Changes in level are 
transmitted directly to the 
pointer. This device is of 
course only applicable to shallow' 
tanks, and would become very cumbersome if 
applied to deep tanks. 

(ii.) Float and Siring tiyslem. — Another 
method which is almost as elementary in 
principle is the float and string. 

The float of the gauge is suspended by means 
of a silk cord, widely winds on the pulley of 
the gauge proper. The pulley is under such a 
tension as to nearly balance the weight of the 
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! float in air. Therefore, as the surface of tho 
I liquid rises or falls, the pointer will show the 
1 position of the float in the tank. The float is 
> guided by an upright cylinder which keeps it 
, from sw inging about in the tank. The pointer 
l is connected to the pulley t hrough spur*wheels. 
: Since the effective force producing the motion 
; of the pointer is very small, the slightest 
binding of the gears may cause error. A 
i sketch of the arrangement is shown in Fig. 23. 



\, 
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The capacity of the float used for short trans¬ 
missions is usually 3 cubic inches, and for long 
transmissions, of 10 feet or more, the float is 
made larger (about 8 cubic inches). For deep 
; tanks the pointer of the indicator is arranged 
j in an ingenious manner to travel through 
| several complete resolutions of a spiral curve by 
I means of a small rack and pinion. 

A diagram of the spiral mechanism is shown 
in Fig. 24. The pointer is free to slide radially 
in the boss of the 
pulley, hut rotates / 

with it. Fixed to the 
| hack of the case and 
! projecting through 
the pulley is a small 
pinion which engages 
I with a rack fixed to 
I t he pointer. 

I As t he st ring coils or — J 

uncoils on the pulley vj 

the rack rolls round 
the fixed pinion, thus 24. 

| moving the pointer 

I in or out radially a distance proportional to the 
I pitch circle of the pinion for each revolution. 

The float and string system, although very 
| simple in theory, becomes elaborate and cum- 
! plicated in practice, since pulleys must be 
! arranged at each bend, and both the tube and 
1 instrument must be air-tight. 

(iii.) Float and Eccentric Rod. — (Jauges 
depending upon simple mechanical arrange* 
* rnents for converting the movement of a float 

2 N 
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into indications on a dial fixed to the tank are I 
also largely used. One form of this class of ! 
instrument is shown in Fig. 25. The rod A is 
free to rotate, through an arc about the pin Q 
at the bottom, and carries the pointer or a I 
spur-wheel at its upper end. The movement i 
of the float F under the influence of the liquid 


causes the rod to turn, since the float forms a 
connecting link between the rod A and the 


Dial 



fixed rod B. The angular 
rotation of the rod A is, of 
course, limited to less than 
180°, but the pointer is some¬ 
times geared to give a longer 
scale. This instrument is 
light and fairly satisfactory 
in use. 

(iv.) Float and Twisted 
Strip. — A more elaborate 
form of instrument is shown 
in Fig. 26. The float is 
guided by f w<» rods. A twisted 
pinion wire, passing through a 


Dial 



| 

j 


Fid. 25. I’m. 2(5. 

nut in the float, converts the linear motion of 
the float to angular rotation of the pointer. The 
pointer can in this case turn through a com¬ 
plete circle without the use of gears. When 
the instrument is used in pressure tanks, where 
air is employed to force the liquid out, the glass 
front of the indicator lias to be made air-tight. 

To avoid this necessity, the gauge may be 
worked magnetically as follows : The twisted 
rod carries at its upper end a magnet which 
rotates with the rod, and actuates a magnetised 
steel pointer pivoted on the other side of a thin i 
metal partition forming the wall of the tank. { 
This avoids all glass to metal pressure joints, ! 
but detracts somewhat from the accuracy of ' 
the indication. This magnet ic device was first i 
used by Muller in 1886, and has since found 
considerable application, especially in steam 
meters. 

(v.) Float on Pivoted Arm. —A novel gauge 
differing slightly from the above and employing 
the magnetic pointer is shown in Fig. 27. This 


consists simply of a small float moving through 
a circular arc at the end of a rod. The scale is 
not uniform, and the float and arm require a 



Fig. 27. 


considerable amount if space. The same dis¬ 
advantage is met with to some extent in all 
float methods, and is particularly felt in the 
case of aircraft tanks which are elaborately 
stayed and stiffened internally. In fact, the 
tanks have generally to he specially designed 
with a view to accommodating the gauge to 
be used. These appliances are rarely regarded 
as accurate quantity-measuring devices owing 
to the back-lash, friction, and variable immer¬ 
sion of the float. (Jenerally, they are classified 
as indicators graduated in fractions such as ], 

and full. 

§(15) l\v bum a tic Caucus.— Quite a number 
of instruments have been devised to transmit 
indications of depth by the aid of air pressure. 

(i.) Air Pump Method. —One type of instru¬ 
ment employs a small pressure pump to force 
air through the liquid by means of a pipe 
dipping to the bottom of the tank. The head 
required to effect this is measured on a pres¬ 
sure gauge. A sketch of the device is shown in 
Pig. 28. Each time a reading is required the 


Fig. 28. 

hand pump is operated until the liquid is 
blown out of the vertical pipe in the tank, and 
the reading on the .gauge taken immediately 
afterwards. The defect of this method is the 
inconvenience of pumping up for each reading, 
and the fact that the leakage back through the 
pump valve, etc., causes the pressure to fall 
rapidly. The reading has usually to be taken 
within a few seconds of pumping. 

(ii.) Tide, (in age. —An interesting application 
of the above principle is the tide recorder of 
Field and Oust developed by the Cambridge 
Scientific Instrument Company. In this 
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instrument the height and frequency of the mercury in the float-chamber (4. The bottom 
tide at a station on the coast is continuously of the float J in this chamber is provided with 
recorded on a chart. The recording portion of an adjustable orifice H, through which oil can 
tho instrument is placed at a sheltered spot (low into or out of the interior of the float, 
inshore, and a pipe laid out and anchored in which is balanced so that it always tends to 
the sea where tho tide record is required. A maintain its mean position, 
small but continuous stream of air escapes from In the ease of the ordinary 124-hour tide, 
the open end of the pipe, and the instrument the alteration of the level of the oil takes 
on shore graphically records the pressure in the place so slowly that the liquid flows in and 
pipe, which pressure is equal to the hydro- out of the float at a rate sufficient to enable 
static head over the open end of the pipe. the flo$t to maintain its mean position. The 

A diagrammatic view of the instrument is variations of level due to the secondary tides 
shown in Fig. 29. Below the recording appar- being much more rapid, the oil is unable to 
atus, and forming a stand for it, is a reservoir pass with sufficient freedom through the 
of air compressed to about 150 lbs. per square orifice to keep its level the same both 
inch. This air is allowed to escape through a inside and outside the float. The latter, 
reducing valve into a pipe, one end of which therefore, rises or falls in conformity with 
leads to the top of a vessel A, 
containing mercury, whilst the 
other end is anchored on the 
bottom of the sea, at the point 
where the variations of tide arc 
to be recorded. Air is allowed 
to escape slowly from the open 
and anchored end of the tube, a 
single charge of compressed air 
suflicing to run the apparatus for 
fifteen days. 

As the tide rises and falls the 
head of water over the open end 
of the pipe varies. The pressure 
of tho air in the pipe and the 
vessel A varies correspondingly, 
and forces more or less mercury 
into lire float.-chamber B, thus 
raising rr lowering the float (’. 

From this float a thin steel band 
passes over and is attached to a 
pulley mounted on a horizontal 
shaft. A second pulley on the 
same shaft supports by a similar 



band a pen carriage D and a counter-weight 
to the float. 

This arrangement of two pulleys facilitates 
the adjustment of the motion of the recorder 
pen to the scale of the chart on which it 
works. This chart is earned by the clock- 
driven drum 15. 

All the air passing to the immersed end of 
the pipe has first to bubble through water 
contained in a horizontal glass cylinder. This 
at once renders evident any accidental clogging- 
up of the under-water escape. The apparatus 
described above traces the long-period tide. 

Superimposed on this, however, may be 
short-period oscillations of secondary tidal 
waves. A separate record of tlie.se on an 
enlarged scale is obtained by means of the 
apparatus shown to the left, of Fig. 20. 

The vessel *F is also in communication with 
the air supply. The varying air pressures are 
accompanied by corresponding alterations in j 
the level of the oil floating on the top of the | 


the secondary tides, and its motion is trans¬ 
ferred by a multiplying lever to a pen which 
makes a record of this secondary tide on the 
upper portion of the chart borne by the drum 
of the recorder. 

Tide i voti nl* pm vide valuable data for use in the 
accurate prediction of tides. It, is well known that 
the fluctuations of the sea may be expressed by u 
series of tidal harmonic components due to the 
action of the sun and moon, elliptieity of the lunar 
orbit, tho moon’s motion out of the Kquator, and so 
on. The constants of all these tidal constituents 
can be determined by the harmonic analysis of the 
tide-gauge records for the port in question. That is 
to say, the amplitude of each harmonic constituent 
and its phase relationship with all the others can 
be found. 

The information thus obtained can then be utilised 
in a tide-predicting machine to predict the tides for 
the port. 

(iii.) Air Vessel Method. -Another form of 
pneumatic instrument, which has been tried 
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oil motor vehicles, consists of a large air vessel 
fixed to the base of the tank, and connected 
to a pressure gauge. The changes of hydro¬ 
static pressure due to variations in liquid level 
are transmitted by the air column to the 
gauge. A sketeh of the method is shown in 
Fig. HO. The air vessel must have a large 



diameter, to minimise the changes of level due 
to the compressibility of the air. In the ease 
of pressure tanks the gauge is arranged differ- j 
cntially, so as to indieatc the difference of 
pressure between the top and the bottom of 
the tank. The gauge and its connecting tubes 
must he absolutely air-tight, hut even then the 
air will slowly disappear bv solution in the 
liquid, etc. 

Ail additional source of trouble is condensa¬ 
tion of the vapour with the formation of air¬ 
locks in the pi|>e. 

The design of a suitable pressure gauge for 
any pneumatic level indicator presents practical 
difficulties. The maximum pressure-head in 
the ease, of the general run of tanks is only a j 
pound or two per square inch at full scale. | 
Bourdon tube gauges cannot he made* with [ 
sufficient sensitivity, whilst silk diaphragm 



gauges invariably leak slightly. Well-made 
metal diaphragm gauges are probably the 
most satisfactory. 

A typical form of low-pressure gauge is j 
shown in Fig. 31. A battery of aneroid j 
capsules is connected to the pressure pipe i 
leading to the bottom of the tank, while the • 


; interior of the ease containing the capsules is 
I in communication with the static pipe to the 
j top of the tank. The motion of the diaphragm, 
1 under the pressure difference, is transmitted 
j by means of a quadrant and gear-wheel to the 
] pointer. A peculiar feature of the instrument 
| is the control spring ; this is soldered to the 
edge of each capsule. The tendency of the 
capsules under pressure is to open out fan-wise, 
curving rather than elongating the spring, 
and by this device greater sensitivity is 
obtained. 

« 

The average accuracy of the instrument itself is 
not, great, owing to the small pressure available 
and the friction in the mechanism. Moreover, 

: when the gauge is allowed to remain under pressure 
I tor a period of several hours the reading tends to 
increase, due to elastic fatigue of the diaphragms. 
It will be observed that when such gauges are used 
differentially the glass front of the ease has to be 
made pressure-tight. To avoid the necessity for 
this joint two diaphragm capsules connected differ¬ 
entially have been tried. It was found, however, 
that the sensitivity of the gauge was a function 
of the static pressure in the system, the varia¬ 
tion being due to the initial distortion of the 
diaphragms. 

§ < 1G) Distant Reaping Type ok Liquid 
'Depth Gauge. 1 It. is a well-known fact 
that the cooling power of a liquid is much 
| greater than that of a gas, and a gauge 
operating on this principle was designed by 
1 the writer, it consists, essentially, of a thin 
j wire of platinum electrically heated to a 
j temperature excess of 20’ to 30° above the 
i surrounding air. The wire is insulated and 
suitably protected by a tube projecting to 
the full depth of the tank. The portion of the 
wire immersed in the liquid is cooled down 
to practically the same temperature as the 
liquid, while the part above the surface is at 
the excess temperature. 

Since the temperature coefficient of the 
resistance of platinum is of the order of 0-4 
j per cent per degree, it follows that the average 

■ temperature, and hence the resistance of the 
| wire, will depend upon its depth of immersion 

■ in the liquid. Now' the most convenient 
method of measuring changes of electrical 

j resistance is by means of the Wheatstone 
j bridge, and in this gauge the wire forms one 
arm of a bridge, as shown in the diagram 
i (Fig. 32). The influence of changes in the 
temperatures of the. liquid and the atmosphere 
1 above are eliminated by arranging alongside 
a similar wire, totally sealed off from the 
liquid arid electrically connected in the other 
arm of the bridge. 

The changes of the resistance of the partially 
immersed wire, with variations of liquid level, 
are indicated by the deflection of the galvano¬ 
meter pointer. The sensitivity of the method 

J Proc. Phy. Joe., 1021, xxxiii. Part Ilf. 171. 
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is such that a very small elevation of tempera¬ 
ture of the wire suHires, and in practice a 
robust form of moving coil instrument is 
employed as indicator. 

Since the sensitivity of any bridge arrangement is 
a function of the current, it is accessary to keep 



this constant. The customary procedure is to have 
an adjustable series resistance in the battery circuit, 
and by means of a throw-over switch replace the wire 
by a dummy coil totally immersed. The current 
in the circuit is then adjusted to give full-scale 
defection : the procedure being identical with that 
employed with direct-leading resistance thermo¬ 
meters. 

An alternative way would be to employ the same 
indicator with a shunt as ammeter when it is desired 
to adjust the battery current to a predetermined 
value. 

Th© necessity for such periodical adjust¬ 
ments is a great disadvantage for aircraft 
purposes, since the attention of the pilot is 
fully occupied with more vital controls, and 
consequently the apparatus was modified to 
avoid this necessity. In this arrangement ail 
iron wire ballast resistance is inserted in the 
battery circuit. The iron wyvs are sealed 
in a bull* similar to an electric lamp, with an 
atmosphere of hydrogen. 

Such a resistance will maintain a current 
fairly steady even if the voltage of the 
battery changes by as much as 20 per cent, 
so frequent adjustment, of the current is not 
necessary. This property of iron wire is, of 
course, well known, *and iron wire resisters 
will be found in most commercial types of 


Nernst, lamps to compensate for the negative 
temperature coefficient of resistance of the 
rare earth mixture of which the glower is 
composed. 

As the two ratio arms of the bridge are 
of manganin of negligible temperature co¬ 
efficient, calculation shows that a constant 
battery current, gives a constant sensitivity 
for the instrument over a moderate range of 
temperature. 

111. Steam Meters 

The metering of the steam consumption of 
a modern power plant- presents considerable 
difficulty, since a more elaborate instrument 
than a simple How indicator is usually 
desired. 

Some of the steam recorders in use at the 
present time' are “ energy ” rather than 
“ weight ” recorders, in so much as t hey 
automatically take account of the variations 
in the. steam pressure and thus give a measure 
of the energy being supplied in the form of 
steam. Considerable practical difficulties have 
been encountered in the operation of some of 
these meters, as the conditions prevailing in tlie- 
boiler-house or its vicinity are somewhat severe 
on delicate instruments. Three typical meters 
are described below. 

§ (17) The Hodgson Kent Steam Meter. 1 
—This meter is of the diaphragm type de¬ 
scribed in connection with gas meters. § (22). 
'I’he pressure difference across an orifice is 
measured, and a direct indication of the rate 
of flow is obtained. If the pressure of the 
steam supply could be kept constant, this 
reading would bo a measure of the total 
energy of the steam passing. In practice, 
however, it is necessary to make allowance for 
variations in the steam pressure, as with a 
higher pressure a greater amount of energy 
in the form of steam will naturally be passed 
through the orifice for a given difference of 
pressure. The meter described below auto¬ 
matically makes this correction, and an 
elaboration of this meter includes an integrator, 
which shows the total amount passed in a 
period of time. 

(i.) deneral Description of Meier .—The 
orifice may take the form of a square- 
edged hole in the centre of a plate inserted 
in the pipe line, as shown in Fig. 47 ($ (25), 
“ Coal-gas and Air Meters '’), or may he a plate 
projecting in, as in Fig. 33. In order to provide 
a suitable difference of pressure, the size of the 
orifice opening must depend on the maximum 
velocity of the steam in the pipe. This 
velocity may vary over wide limits, say from 
85 ft. to 200 ft. per see. At the higher speed 
only a slight reduction in the area of the 

1 Engineering, October lb, ltMO. 
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pipe is necessary to bring about the desired 
difference in pressure, and with a circular 
orifice the plate would be a mere ring protrud¬ 
ing only very slightly into the bore of the 
pipe. Supposing that in these circumstances 
the plate were not very carefully positioned, or 
the jointing material not cut very nicely, the 
effects of the orifice on the flow of steam could 
not be relied upon. For these, reasons the 
circular form of orifice is only adopted when a 
considerable restriction in the pipe is required. 
When the necessary restriction is less than half 
the cross-area of the pipe the orifice is arranged 
as shown in Fig. 49 (“Coal-gas and Air Meters”), 
and as further reductions in the area of the 
plate are required the forms shown by the 




dotted lines adopted. The holes which com¬ 
municate the steam pressures from opposite 
sides of the orifice plate to the meter are 
both brought up as close to the plate as 
possible. It is assumed that the steam in 
the corner between the plate and its carrier 
has practically no movement, and that in 
consequence the exact form of the pressure 
holes is immaterial so long as they are in the 
proper position. 

The restriction is generally designed to 
produce a drop in pressure of about 2 lbs. per 
sq. in. at full scale. Should the range of flow 
be greater than could be efficiently dealt 
with by one orifice plate, a variable orifice is 
used to avoid the necessity of changing the 
plates. This consists essentially of a short 
length of pipe containing a carefully con¬ 
structed butterfly valve, which may be locked 
in various positions by means of an external 


Sector. The over-all range of measurement 
which can be obtained by the use of this 
device goes down to one-thirtieth of the 
maximum flow, as compared with a range down 
to one-quarter of the maximum, which is all 
that can be accurately measured by a fixed 
orifice plate. 

The two pressure passages in the orifice 
carrier communicate with a pair of condensing 
columns which are bracketed off the main pipe, 
as shown in Fhj. 33. These columns ensure 
that the pipes leading to the metering instru¬ 
ment are kept absolutely full of water at all 
t imes, so that the readings shall not be affected 
by movements of the water surface employed 
for transmitting the pressure to the measuring 
apparatus. 

(i i.) I ndirator Non- 
com pen sated Type .—The 
rate - of - flow indicator 
depends for its action 
on the movement of a 
rubber diaphragm under 
the influence of varia¬ 
tions in the difference 
of pressure on its op¬ 
posite faces. The spaces 
on opposite sides of the 
diaphragm (Fit/. 34) are 
in communication with 
the two sides of the 
orifice plate in the steam 
! pipe. A set of three coiled springs controls the 
movement of the diaphragm, which is com¬ 
municated to a spindle D, through rods and a 
bell crank C. This spindle carries a powerful 
permanent magnet K. Outside the ease and 
in line with I), there is another spindle G, 
carried in jewelled hearings, to which is at¬ 
tached an iron armature H, and the pointer J. 
In this way the movement of the diaphragm 
is transmitted to the pointer without it being 
! necessary to make a water-tight sliding joint. 
The graduations on the dial over which the 
pointer works can, of course, be made to show 
the energy of steam passing at any pre¬ 
determined pressure ami temperat ure. At the 
bottom of the instrument there i.; a plug cock, 
by means of which the two sides of the 
diaphragm can he put in direct communication 
for the purpose of setting the pointer to zero, 
while air cocks are provided at the top to 
ensure that the diaphragm chamber is full of 
water. 

(iii.) Recorder Non - compensated Type .— 
When it is desired to make a permanent 
record of the steam flow, a modified form of 
•instrument is used, although the orifice plate 
remains the same. Inside a cylindrical casing 
there is arranged a series of diaphragms similar 
to those of an aneroid barometer. The inside 
of these diaphragms is subjected to the lower 
steam pressure from the orifice, while the , 
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apace outside the diaphragms is under the to # the pointer E and the lever F. We thus 
higher pressure. There is thus a tendency to have two pointers, one indicating the rate of 
collapse the diaphragms, which is opposed flow through the orifice and the other the 
by a helical spring attached to the diaphragm actual steam pressure. The movements are 
spindle. The movements of this spindle are combined and transmitted to a pen arm C, 
transmitted by a simple system of links to the which consequently makes a graph expressing 



Front View Section 


pivot of the pen arm. The the energy value of the steam 

spindle which passes out being metered. The eomhina- 

throiigh the wall of the pres- • / tion of the two movements 

H>» re easing is kept tight by a j IV'X/ is effected by the link H and 

leather-packed gland. /V I f quadrant J. 

(i v.) Recorder with Pressure (of t|J Ao'\ In the positions shown in 

Compenviting Device. .The v S / the sketch both the pointers 

meter referred to above does ° A (\ ° E and 11 are at zero and the 

not take into consideration A. o Q -r‘ / T ; q O A end of the link H is over the 

vaiiations in the steam pres- AoWx\fJ 77 ) / / pivot 0. The result is that 

sure. In cases where the Vthe individual movement of 

pressure is liable to vary a --——-• neither of the pointers E and B 

correction must be applied to • ■*———pi will affect the pen arm (!. If, 

the readings if the amount of however, the flow pointer 11 

energy in the steam is to be G^jjF~ H |] and quadrant J move round 

metered. The arrangement Indicator the pivot C, an increase in 

illustrated in Fig. .‘la auto- non-compensated type. the steam pressure will force 

matically makes this eorrec- Pointer and magnet system. down I'’ and H and produce 
tion over a range in pressure a movement in Cl which will 

ot about two to one. • vary in proportion to the 

Tho spindle, which is operated by the aneroid movements of E and 11. The various 
diaphragms used to measure the pressure links arc, of course, so proportioned that 
difference across tho orifior, is indicated at A. the resultant movement of the pen arm 
A crank and link connect A with the pointrr Cl is a true measure of the weight of steam 
B which pivots about C. The steam pressure passing the orifice, and consequently, assuming 
in the main* pipe is measured by a series of that the steam is saturated, shows the energy 
diaphragms (shown.separately on the right) being delivered. Even if the steam is super- 
and is opposed by a helical spring. Tho rod heated, the instrument can bo arranged to 
D transmits the movement of the diaphragms give a direct reading, but with a variable 
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superheat a mathematical correction must he I top of the motor to equalise the pressure at 
made. An accuracy within 2 per cent is | any time upon the U'iul*' system. A small 

iron float, rests on the 

o--ft surface' of the mercury 

Quantity in one limb. This float 

Rc Z d l n ° p—9E, operates a horizontal 

Prcsst<r 'UJjfj>-^ VjV) '' ^ ;T -rj shaft by means of a 

f -—?'ft ‘ thread wound around a 

| \\ ( ?-=- * pulley, a small eountcr- 

1 \ \ _ d ^ t D weight being provided 

0 \ y ~~ r . . A —i -, to keep the string taut. 

\\ ~ n. 4 .^ This mechanism is 

^ \\G [ ^rz^ totally enclosed in the 

ilr ' : T/ \\ casing and the move* 

[ jf j ., — ■^| inent is communicated 

\\ W to a horseshoe magnet 

\,V SI,-am Pressure mmmtoil oil the shaft. 

M \ Connection Another horseshoe 

J||Y / i \ \ magnet is mounted on 

u X\ /> A v_y pivot hearings with its 

I poles near and parallel 

Fro. 35. to the copper plate 

which forms the wall 

claimed for the meter at full load, and 4 per I of this portion of the meter. 


Steam Pressure 
Connection 


cent at one-sixth load. 


The magnet has its axis of rotation in align* 


§ (IS) Thk H.T.H. Steam Meter. —In this ! merit with the shaft carrying the horseshoe 
steam meter a peculiar form of pressure-head magnet inside the body of the meter. 

-- is employed for de- j This arrangement eliminates the use of a 

j . . v , 7r'V.;',r [) tormining the velocity j packing gland with ils attendant friction. The 

Trailing r|l Lvaihnij likening of steam in the pipe j indicating needle is attached directly to the 

Tralunfi ) *L,-a,i,n S p<> lhm. This consists | outside magnet, 'the instrument is made re- 

f’"* of a specially shaped j cording by adding a pinion to the shaft carrying 

y UTub * pipe with its two j the outside magnet, and this pinion engages a 

Jh -Mercury openings in (lie path j quadrant, the shaft of which carries the re- 

of the steam. The i cording pen. 'Hie recording chart is concentric 

Kid. leading opening faces J with the indicator dial ami rot at ed hv clock work. 

against the direction i § (19) The Sarco Steam Meter.— This 
of flow, and the trailing opening faces in the j meter has a novel type of indicator invented 
direction of the flow of steam (Fit/. 30). The ; 

a two openings are eon- j — 

norto.l by u v.-rti™! fO 1_lOl 

U-tulie containing j |- p J g _ -r 1 * ; - " * - " > 

mercury. j V I 

;)—y The flow nozzle has 

S disadvantages when Vg 

the feed water sup- . 1 W w 

Jilied to the boilers yfir fl Wfe 

' is dirty and the steam \\p 

i liable to cause seal- c:: M ^ L \till 

| P ing. Then the small _il-—)i\ pile 

\M\ j passages or openings | y **** j. "m- 

in the nozzle after a * tlllUf f 

* 1 r,K ‘ become: partially j ^ ” T g ST r ^ 

I L_r y J or totally closed up. i J1 lMj -j 

^. . Under these eondi- j | J ' 1 

y- tions the nozzle i 

method is abandoned <t . I0 tJ g 

in favour of a constriction; this may be of 

the Venturi form or a shaped nozzle. by Gelire in 1907. It consists essentially of 

The, Recorder. —The recorder {Fig. 97) consists a east-iron reservoir filled with mercury and 
of an iron casting, so designed as to form the water, and has at one end a branch from 
limbs and well of a U-tuhe system and contains which swings a hollow cone suspended on 
mercury. A by-pass valve is provided at the two springs (see Fig. 38). The high pressure 
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side of the throttle dine is led into a mercury 
reservoir which connects, through a trunnion 
and tube, with the lower end of the hollow 
conical vessel, while the lower pressure is led 
through a similar trunnion and tube to the 
upper end of the cone. The cone is suspended 
by helical springs and with its tubes turns 
about the trunnions. The higher pressure, 
acting through the water in the connecting 
tubes upon the surface of the mercury in the 
box, will tend to drive this out into the lower 
end of the cone, thus causing it to sink. On 
the other hand, the lower pressure will fat 
on the mercury in the cone and tend to force 
it back into the reservoir, so that the difference 
between the two pressures will determine the 
position of the cone. The shape of the cone 
and its position are such that its fall is pro¬ 
portional to the square 
root of the pressure 
difference. 

Since, the weight of 
steam passing per unit 
time is proportional to 
the square root of the 
product of the pressure 
drop and the density of 
the steam, the scale of 
the indicator is a uniform 
one. The movement of 
the cone is transmitted 
to the reeordin 
a lever mounted 
extension arm. The pen 
moves in a curved path. 

A vertical clock - driven 
drum is mounted behind 
the pen, and this carries 
the chart. 

When it is necessary 
to take the account of 
variations of pressure in 
the steam main a modi¬ 
fication of t he instrument 
is employed in which the 
fulcrum of t he pen lever 
is made to move so that the pen reading in- i 
creases with the density of the steam. The | 
high-pressure side of the throttle disc is eon- j 
neeted with an oil cylinder in which a piston 
moves against the resistance of a spring. /The 
piston-rod is connected with one arm of a lever, 
the other arm of which carries a curved slot that 
engages with the fulcrum block gf the pen lever: 
this slot is so formed that the pen movements 
due to the moving fulcrum arc proportional to 
the square root of the density of the steam, so 
that account is taken of the t wo variables. The, 
proportions of the throttle, levers, and scale 
are arranged So as to give the correct readings. 

§ (20) The Bailey Steam Metek. 1 — 'The 
Bailey meter is of the orifice type, and utilises 
1 Ervin 0. Bailey, Amer. Soc. Mech. Eng., May 23,1910. 




a novel form of liquid-sealed bell for recording 
the pressure differences. 

The hell 2 is so shaped (see Fig. Iff)) that the 
displacement is directly proportional to the 
rate of flow. Further, the wall thickness is so 



proportioned that the volume of mercury 
displaced from the interior is exactly equal to 
the volume of the portion <>f the wall of the 
hell which is forced out from the mercury, so 
that the mercury level in the containing 
reservoir is substantially constant. 

The higher and lower pressure connections 
terminating within and above the bell respect¬ 
ively are so placed that a soft packing filler 
piece will engage and seal either of these when 
an extreme position is taken. 

This effectively seals either outlet, and as 
the entire mechanism is enclosed in a steam 
pressure light-easing and completely filled with 

» A mechanism for metering and recording the flow 
of fluids, etc., Lodoux, Trunn. Amer. Soc. C.E., 
1913, lxxvi. 
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water, no mercury can be blown out or the 
mechanism injured by subjection to excessivo 
pressure differences. 

§ (21) The Calibration ok Air and Steam, 
M ete its. (i.) Calibration based on the Principle 
of Dynamical Similarity using Water as the 
Fluitf .—The direct calibration of the large 
sizes of industrial meters by volume measure¬ 
ment in the ease of air, and weighing the 
condensate in the case of steam, is necessarily 
an expensive and troublesome undertaking. 
Consequently indirect methods of calibration 
are much favoured. 

ft can bo proved 1 that for tile turbulent 
flow of any two fluids in a given channel or 
pipe if Xfrj is kept constant, where V is the 
mean velocity, rj the kinematical viscosity, 2 
then the coefficient of discharge is the same 
for these corresponding rates of flow for the 
different fluids. 

For example, air and water ; the kinematical 
viscosity of air is about thirteen times the 
value of that for water at the same tempera¬ 
ture. Consequently the coefficient of discharge 
in a meter with water flowing at the rate of 
one foot per second would be the same as that 
found for air flowing at thirteen feet per second 
in the same inst rurnent. Hence this theoretical 
relationship affords an extremely convenient 
method of calibrating very large meters. The 
general form of the curve connecting co¬ 
efficient of discharge with variations of velocity, 
density, and viscosity is shown in Fig. 40 ; and 
the coefficient of 
discharge being 
plotted as ordi¬ 
nate and V/?/ as 
abscissae. 

The importance 
of making com¬ 
parisons at iden¬ 
tical values of V/?j 
was pointed out 
by Hr. Stanton, 
and it will be evident from a consideration 
of Fig. 40 that since the coefficient of dis¬ 
charge varies with the value of V/rj in making 
comparisons between two flui<Ls of kinemati¬ 
cal viscosities and rjo it is essential that 

Jt is possible, however, at high velocities, for 
the coefficient of discharge to remain constant 
for a considerable range of V, as shown by the 
horizontal AB of the curve, when one or two 
values of the coefficient will suffice for the 
range employed. It is essential when cali¬ 
brating with water to employ a range of 
velocities for the water which correspond (on 
the V basis) with those which will be en- 

1 Stanton and Pannell, ” Similarity of Motion in 
relation to the Surface Friction of Fluids,” Phil. 
Trans. A, It)13, ccxiv. 

* l.e. density/viscosity. 
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FIG. 40. 


| countered in practice when the meter is 
employed for gas, i.e. the water velocities 
| must be one - thirteenth those of the air. 
i Experimental results confirm this generalisn- 
j lion. 

The use of water instead of superheated 
steam in the calibration of steam meters is 
I economical on the score of power consumption 
! alone apart from considerations of capital out- 
! lay for the plant. 

! (ii.) CO., Method of Steam Meter Calibrations . 

--Ervin (1. Bailey has worked out a method 
| of calibrating steam meters which is based on 
the principle of introducing C0 2 gas from a 
| high-pressure cylinder into the steam line at 
a known and continuous rate. The gas is 
| permitted to mix with the steam, then a 
sample is drawn out, and by condensing the 
I steam the ratio of condensed steam to C'<) 2 gas 
J in the sample is determined. 

Tn the first experiments by this method the 
attempt was made to determine this ratio by 
considering the C0 2 as carbonic acid in solution 
and titrating to find its amount contained 
in the condensed steam by chemical means. 
Some rather erratic results were obtained 
from this titration method, and in an effort 
to determine the source of error the method 
was modified so that the gas was separated 
I continuously from the condensed steam and 
the two measured separately so as to deter- 
I mine the ratio of water to gas. This ratio 
j multiplied by the rate, at which the gas was 
! added will give the rate of flow of steam. The 
; general diagrammatic arrangement of the ap- 
! paratus used in this method is shown in 
FrV/. 41. 

Thu drum containing C<) 2 gas under high 
J pressure is supported on a scale beam so that 
^ its weight can he determined at any time, 
from which the rate of adding the gas is 
! accurately determined. The gas is continu¬ 
ously discharged through a flexible copper tube 
and a governor valve into the steam lino 
through a £-in. spray tube. A sample of the 
mixed steam and gas is taken from the steam 
pipe at a poiiTt farther down the line. The 
sample is then passed through a condensing 
and separating apparatus and the condensed 
! steam and gas an*, measured separately in a 
graduated jar and Hem pel burett e, respect¬ 
ively. The entire operation is continuous, 
except that these two measurements are taken 
j .simultaneously, at regular intervals of four or 
; five minutes. 

: An accuracy of 1 to It per cent can he 

. secured when usimg 1 lb. of gas to 2000 lbs. 

• of steam. Hence it is possible to use this 
' method on large capacities up to several 
! hundred thousand pounds of stSara per hour. 
| Some data aro given in Table II. 

s Jour a. Amer. Soc. Mech. Engineers, October 

• 1910. 
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Table II 

Summary ok Data comparing Steam Measurement by 00. Method with Actual Weight 
and Stkam-klow Mktkr, Orifice Type 


I I Ditl'eiem-e Between COj 


Duiiition of 

Water fc«l to 

CO* fnl 

Ratio 
Water to 

Steam 

By <<>.. 

_ 

Steam 

By Meter. 

Me tin »l ami 


Actual Weight. 


COj. 

Aetilal Weight 

Steam M»ler. | 

huiir*. 

IB*. 

Hm. 


Rim. 

Hih. 

jier cent. 

1 -ei eelit. 

4 


8 04 

2048 

90,500 

91,020 


- 1-22 

2-5 

78,515 

8-53 

3045 

77,050 

78,040 

- 1 10 

- 0-5(1 

(i 

133,474 

808 

2500 

130,500 

129,190 

- 2-20 

q l-oi 

3 

r>u> or* 

14 03 


50,000 

55,830 

•1 2-78 

t 0-29 

9 * 

187,979 



180.5(H) 

185,020 

- 0-78 

-t (I SO 

•"* 

132,007 

8*85 

2992 

132,130 

133,050 

- 0 40 

111 


* This lino gives the sums of the. two soon direct ly above. 


This method has also been tried for measur¬ 
ing the How of water, the gas being injected 
into the feed line, and with small ratio of gas 
required the ('(), is completely absorbed by 
the water so that a representative sample is 
readily obtained. The gas is then completely 


double-acting cylinders 30 inches in diameter, 
and the stroke is 27 inches. The admission 
and discharge of the air to the cylinders is 
controlled by means of piston valves which are 
set to jut off exactly at the top and bottom 
of the stroke. Each piston has two rods. 



separated from the water and^thc ratio deter¬ 
mined by the measurement of each. 

(iii.) Calibration Apparatus of the Displace¬ 
ment Type .—Probably thc^largest calibrating 
plant hitherto constructed is that installed atthg 
Rand mines. This plant is now the standard air 
calibration plant for South Africa. The air to 
bo measured is passed through a large displace¬ 
ment meter which is built somewhat on the 
lines of a steam engine. It has three vertical 


The connecting rods are inverted and a three- 
throw crank-shaft is mounted close to the 
cylinder cover, as in the old type of marine 
engines. The valves are operated by simple 
link motion, since the engine does not require 
the usual cut-off reversing gear. The stroke 
volume is 95*150 cubic feet and the meter 
passes roughly one ton per minute of air at 
the maximum speed at which it is designed 
to run. 








556 


METERS 


This displacement meter forms part of a 
closed air circuit, wherein the air is circulated 
by a Bateau fan producing a pressure difference 
of about 2.1 lbs. per square inch. The pressure, 
in the circuit is maintained by a small “ make 
up M compressor connected as shown in Fig. 42. 
The air is passed through a cooler so as to 
obtain a steady temperature, then via the 
meter under test to the displacement meter. 
The displacement meter operates in precisely 



KlG. 42. 


the same manner as a reciprocating engine i 
with a small pressure drop to overcome the j 
friction of the mechanism. 

IV. CoAL-tiAS AND Allt M KTEKS 

§(22) tj as Mkteks. —(las meters in general 
use may be divided into two types—the dry 
and the wet meter. The former is ordinarily 
used to measure the consumption <>f gas in 
domestic service. 

(i.) Dry (ins Meter .—In its simplest form this 
consists of a rectangular box divided into two 
chambers by a diaphragm (see Fi<j. 43). The 


I Inlet Outlet 1 



I*'10. 43. 


diaphragm is made of a metal plate connected 
to the side walls of the box midway between 
its ends by a ring of very flexible leather; 1 ! 
the diaphragm is constrained by guides to ! 

1 SjH'eiaHy treated sheepskin. 


I move parallel to itself. It thus forms a piston, 
free from leak, and can be pushed from end 
I to end of the box by a slight difference of 
pressure on its two faces. The space on one 
side of the diaphragm is connected to the pipe 
by which the gas is supplied, that on the 
other to the pipe feeding the burners in which 
it is consumed. These connections can he re¬ 
versed by moans of the slide valve mechanism 
shown in the figure. When the burners nro 
lighted the gas is drawn away from the chamber 
on one side of the diaphragm and the pressure 
of the supply force., this up to the outer wall 
of that chamber ; the slide valve then comes 
into action actuated by the motion of the 
diaphragm ; the empty chamber is connected 
to the supply and the full chamber to the 
burners. The diaphragm then moves back ; 
this action repeats itself continually ; at each 
change the volume of gas Idling the chamber 
has been supplied to the burners and this 
volume is known. An ordinary count ing t rain, 
connected to the mechanism which moves the 
slide valve, records the number of times the 
chamber is filled and emptied and hence the 
volume of gas supplied. With the simple 
arrangement described the flow of gas would 
he checked each time the diaphragm reached 
the limit of its motion ; this is obviated by 
having two pairs of chambers with two dia¬ 
phragms and connecting them in such a way 
that, while one diaphragm is at the end, the 
I other is in the middle of its path ; a continuous 
supply is thus maintained. 

1 The actual quantity of gas supplied depends 
j on the pressure and the temperature of the 
| meter. The pressure is maintained constant 
by the supply authorities; changes in tem¬ 
perature are usually neglected, the meter being 
placed in a cellar or some such position where 
the variations are not great. 

(ii.) Wet (ins Meter .—This consists of a drum 
which revolves in a cylindrical easing. The 
casing is rather more than half Idled with 
water. The drum is divided by partitions into 
compartments, four of which are shown in the 
figure. One end of each partition is always 
below the water surface, while at the other end 
there is a communication between the com¬ 
partment and the outer casing ; th“ gas enters 
through the central shaft and passes to the 
burners through a pipe leading from the outer 
casing. Jn the diagram, Fig. 44, compartments 
B and 0 are fijled with gas ; 0 is in com¬ 
munication with the casing and is thus supply¬ 
ing the burners ; communication between B 
and the inlet has just been cut off and gas is 
commencing to enter compartment A. The 
gas pressure causes the drum to rotate, thus 
opening communication between B and the 
outlet and filling A witty gas ; this gas is in 
its turn transferred through the casing to the 
burners. Thus each rotation of the drum 
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supplies to the consumer an amount of gas I 
equal in volume to twice the capacity of the 
upper part of the drum ; a counter recording 



the number of rotations of the. drum registers 
tlie volume passed. The. dials of the counter, 
like those of the dry meter, are graduated to 1 
show tin* volume supplied. 

Fig. 44 represents the principle diagram- i 
matieallv. Actually the meter lias the com- J 
part incuts arranged spirally, and the inlet pi] ms [ 
projects into a lenticular chamber at the back 
of the drum. A gauge-glass with horizontal ! 
datum line is also provided, since variations ; 
in the water level inside the meter, occurring 
as they do at the area of maximum cross- 
section of each chamber, influence to a con¬ 
siderable extent, its indications. 

Station meters are usually lilted with syphon 
overflows to ensure a constant level. The ! 
drum operates the pointer of t-he recording 
dial through a stuffing gland and this must be , 
reasonably friet ionless, otherwise the pressure j 
drop in the meter is considerable and this ; 
affects the capacity. Any stiffness at the j 
gland usually manifests itself by a surging ' 
motion of the water in the gauge-glass during ! 
the rotat ion of the drum. 

In the use of wet- meters f<*' experimental 1 
work attention should he given to the position 
of the pointer when the meter is read, for, 
although the instruments may be accurate 
when the quantity of gas measured is equi¬ 
valent to several complete revolutions of 
the drum, they rarely indicate correctly for 
fractions of a complete- rotation. Hence the , 
meter should always he started and stopped ; 
at the same point when making a test. 

§ (22) Pitot Tube Mirnngj. —The Pitot tube | 
is frequently used in scientific investigations- 
for the measurement of the velocity of the llmv ; 
of fluids in pipes. A detailed description of 
this instrument, together with the gauges cm- j 
ployed with it, will he found in the article on j 
“ Friction ” in Volumo I. 


§ (24) The Venturi Type Ant Metkh.— 
Theoretically the Venturi tube 1 is one of the 
most satisfactory forms of flow motel's. The 
smooth curves 
of t he u ]> - 
stream and the 
throat-sections 
ensure that the 
square loot 'aw 
is almost ex¬ 
actly obeyed, 
and the loss of 
head due to the 
insertion of the 
meter in the 
pipe line is 
exceedingly 
small. When 
used for gas 
measu remenl 
the pressure 
difference for 
the majority of 
practical cases 
does not exceed 
o n e p o u n d 
per square, 
inch. Conse¬ 
quently it is de¬ 
sirable l*o have 
a precision 
manometer to 
measure these 
pressure differ¬ 
ences. One convenient form of gauge for this 
purpose designed by Mr. J. L. Hodgson “ is 
shown in Fig. 45. 

(i.) llotitj'Sun (lunge. —The gauge consists <>f a 
barometer in which the cistern is made air 
tight and connected with the pressure side of 
the Venturi tube and the upper end of the 
column to the suction side. The cross-section 
of the reservoir is large compared with that 
of tlie tube, so that when pressure is applied to 
the liquid in the reservoir nearly the whole 
change of head occurs in the tube and the 
variations of pressure arc given by multiplying 
the change of height bv a constant depending 
on the ratio of the section of the tube to that 
of the reservoir. 

The change of level of the liquid in the gauge- 
glass is measured by means of a travelling 
microscope, shown in Fig. 45, which is moved 
by a guide-screw. A graduated dial is fitted 
in connection with the handle by which this 
screw is rotated, so that readings accurate to 
about one-thousandth part of an inch can be 
taken. One of the practical difficulties met 
with in designing an instrument that would 
enable a change of liquid level to be read to 
anything like this degree of accuracy was the 

1 See “ Meters,” § (30). 

8 Min. Proc. Inst. CirU Eng., 1017, ociv. 108. 
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difficulty of obtaining a definite and consistent 
reading on the meniscus. Tt is overcome by 
using a microscope of about thirty diameters 
magnifying power and a gauge-glass of five-, 
sixteenths of an inch internal diameter, and 
illuminating the meniscus always in the same 
direction. It will be seen ( Fig, 45) that the 
gauge-glass passes through a tube which slides 
on the end of the microscope. ^'Iie inside of 
this tube is blackened to prevent cross-reflec¬ 
tion. High accuracy can only be obtained j 
by using oil or alcohol as the mano- j 
meter liquid, since, even with the cleanest j 
gauge-glass, a water meniscus is* apt to bo 
sluggish. 

(ii.) Meier with Compensation for Specific 
(1 rarity Changes of the. (las. (a) Description. 

- In large stations the meters required be¬ 
come exceptionally clumsy if of the wet t.yjie. 
Consequently attention lias been given to 
the adaptation of the Venturi type of meter 
when these enormous volumes of gas have 
to he dealt with. Now the Venturi meter 
(see “ Meters,” § (30)) measures the* weight 
of fluid passing per unit time, and, con¬ 
sequently, if the density of the gas varies, or 
the pressure, the readings obtained would not | 
be a true measure of the actual volume passing. 
Hodgson has modified the Venturi meter so 
that the variations in the density are auto- 



of a small wet gas meter F, which is rotated 
continuously by gas escaping from the main 
through a small orifice A to the. atmosphere, 
the pressure across this orifice being main¬ 
tained constant by a specially sensitive regulat¬ 
ing valve. Since the rate of flow through this 
orifice, across which the difference of pressure 
is maintained constant, is inversely propor¬ 
tional to the square root of the density of the 
gas, the variation in s}>eod of the wet meter 
gives the exact compensation required, and 
the counter registers the actual volume passing. 
It*will be observed from Fig. 4(> that the 
regulating valve is compensated for changes 
of level of the liquid seal by means of the dis¬ 
placer D, and for variations in the inclination 
of the balance arm by the weight (•. The 
ratio of the area of the bell to the area of the 
controlled orifice is made large enough to pre¬ 
vent variations in the pressure from affecting 
the accuracy of working. In practice the 
valve maintains the head across the orifice 0 
correct to within 10 002 inch of water. 


(h) Mathematical Theory. —The gaseous discharge 
in cubic feet per minute through a Venturi tube is 
given by the relation 


IV- 


Aft j ■ 


■ (i) 


where T t is the absolute, temperature and p, the 
absolute pressure, at the Venturi up-stream, p 2 the 
absolute pressure at the Venturi throat, Kj a numerical 
constant, and A the specific gravity of the gas 
relative to uir. The distance between the, zero 
position of the point of t he feeler il and the surface 
of the earn E is made proportional to (/q-j^)" f" r 
each position which the earn is caused to take up 
by the hell 11. Each time the feeler is raised from 
the surface of the earn, an amount proportional to 
this distance is added on to the counter-train A by 
means of a pawl and ratchet. The counter thus 
registers an amount proportional to 


matieally taken account of. llis form of • 
gas meter is shown diagram matieally in 
Fig. 40. 

The Venturi head is measured by a water- 
sealed l»ell whose motion is transmitted by 
suitable means to a cam K. This is so shaped 
that the feeler H which comes into contact 
with it adds on to the counter-reading an 
amount proportional to the square root of the 
Venturi head at each revolution of the heart- 
shaped earn G which actuates it. If this cam 
were rotated at a uniform speed by F the rate j 
of registration for a given flow in the main 
would be proportional to the square root of the 
density of the gas passing, and the meter would 
therefore only read correctly for gas of a par¬ 
ticular density. The correction for variations 
in the density of the gas is obtained by making 
the speed of rotation of the heart-shaped cam 
depend upon the density by driving it by means 


[ Pl ~ P . r 1 n, . ... (2) 


where X is the number of revolutions per minute 
of the meter F. „ 

The rate of rotation of this motor depends upon 
the discharge through the oritiee 0, which is given 
by the relation 

' • ■ <:i> 

where and p 6 are the pressures on the up-stream 
and down-stream sides of the orifice respectively, 
and T 4 the up-stream temperature. 

If 1) 3 is th ‘ number of cubic feet per minute pass¬ 
ing through the mgter F at temperature T 3 and 
..pressure p 3 , 




T. 


ft 

ft 
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Putting N—K s D 3 . 

quantity registered— K(/>, ;> 2 )- x K 3 D 3 


Now if (/> 4 p 5 ) is kept constant by means of the 
regulating valve M, and if, by suitably arranging 
the apparatus, the temperat ures T 3 and T 4 are made 
sensibly equal to Tj. and the pressures j'v Vi> and 
Pi to py, equation (ft) becomes 

Quantity registered- , (6) 

which is identical with equation (1). 

A meter of the above type was tested against a 
drum-type station meter for a period of two years 
and the indications of the two meters always agreed 
within t; 1 per cent. 

The disadvantage of the meter is the liability of 
tbo Venturi tube It) beeomo clogged with naphthalene, 
tar, etc. In order to reduce this to a minimum, the 
tube should be installed vertically in a by-pass 
with the gas entering from above, so that any liquid 
carried along by the gas will not collect, in the meter 
ami pressure tubes. 

§ (25) Titk Diaphragm Method. —A simple 
device for measuring the How of gases in pipes 
which is coming into extended use consists of 
a diaphragm orifice inserted in the pipe line 
with appropriate means of measuring the drop 
of pressure across it. The method, in general 
principle, is similar to the Venturi tube, hut 
has th<‘ advantage of being cheap to construct 
and install. On the other hand, the Venturi 
tube is theoretically a more reliable instrument 
and is to he preferred when high accuracy is 
aimed at. 

In its most elementary form the diaphragm 
is a thin plate placed symmetrically in the pipe 
line. The diaphragm has a square-edged hole 
bored through it; it is essential that the edges 
should bo square, for it has been found that 
round-edged orifices are not interchangeable. 

The differential pressure is obtained at two 
holes drilled close to the faces of the dia- 


F> 

1 
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phragm, as slufwn in Fig. 47. The pressure is 
measured by the usual types of manometers 
and recorders already described in connection 
with Venturi meters. 


Another practical advantage of the dia¬ 
phragm over the Venturi tube is the fact 
that one diaphragm can easily be changed for 
another with a hole of a different size to give 
the most suitable pressure difference for the 
particular recorder available. 

(i.) Distribution of Pressure in the Pipe Line 
in the Vicinity of a Diaphragm .—The act ion of a 
diaphragm on the stream is similar to that of 
a submerged weir notch, and it sets up a con¬ 
verging stream which reaches its maximum 
contraction some distance down-stream from 
the orifice. In Fig. 48 some typical curves are 



Dietance from Orifice in pipe diameters 


Fm. IS. 

shown for various ratios tl.Jd j of orifice opening 
I to pipe diameter. 1 

There is some difference* of opinion us to the* best 
location for the pressure hole 1 *; some workers insist 
that the most reliable results are obtained if these 
lire placed as dose to the plate us possible on both 
sides, whilst others claim that the best positions are 
as follows : 

(u) On the np-stream side at the point at which 
normal flow is discontinued and the stream begins 
to converge, which point is about eight-tenths the 
diumcteV of the pipe up-stream. 

{b) On the down-stream side at the section of 
maximum contraction of the jet, which occurs 
about four-tenths of the pipe diameter away from 
the orifice. 

These two posit ions, it is claimed, give the steadiest 
reading of the pressure difference and also the highest 
value. 

The effect of rounding or hovelling the edge of 
! the orifice is at once evident when t ho behaviour 
1 of a contracted jet is considered, as the area of 
| the stream at its maximum contraction must 
| vary accordingly, and the discharge coefficients 
obtained by the use of sharp-edged orifices 
i cannot apply to the case of a round-edged 
I orifice of the same area. 

L, The actual pressure drop is greater than the 
I head lost, by the insertion of the diaphragm, as 
I will he seen from an inspection of the curves in 
j Fig. 48. The values here shown are plotted for 

[ 

1 In Fiff. 48 the ratio t/jWi Is denoted by r for clear¬ 
ness. 
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one particular velocity and various values of 
where d l is the diameter of the pipe and 
d., of the orifice. The recovery is greatest for 
large values of djd j, and the point of maximum 
recovery of pressure travels farther down¬ 
stream as the ratio djd l is reduced. It is j 
worthy of note that in eases where d.Jd l is i 
large, more than half the differential pressure i 
is recovered without any special* means being | 
taken, such as the fitting of a diverging cone, 
to effect such reeoverv. » 

The laws of flow through orifices have been 
investigated experimentally by a number of 
observers. Hodgson, in particular, lias de¬ 
voted much time to the development of com- j 
mercial meters based <>n this principle. In the i 
course of extensive experiments he found that ; 
when the diameter of the orifice was more than 
about three-quarters that of the main, the ro- j 
efficient of discharge became very dependent ' 
upon accurate centring and smoothness «»f the j 
pipe surface on the up-stream side of the 
orifice. This difficulty could be partially over- i 
come by fitting two or more sets of* pressure 
holes in a circumferential belt. Iti a further 
development of this type of meter Hodgson 
replaced the concentric disc constriction by a 
plate projecting into the pipe, the whole area 
of the obstruction being concentrated around 
the pressure holes in the form of a segment of 
a circle bounded by a chord, as shown in Fig. 
49. In places where high velocities of flow had 
to be measured it was found more satisfactory 
to replace the straight chord by the arc of a 
circle with centre at the pressure holes. 



Fiu. it). 


The law of the How may be expressed by the 
formula 

Q_-o>A|(l' 1 -t , 2)'V 1 l 1 , ... (1) 

where is the discharge in pounds per second. 

5 is defined as the “ discharge intensity coefficient ” 
for the particular type of constriction. This co¬ 
efficient includes the discharge coefficient 12, nnd 
the ratios of the area of the main to the area left by • 
constriction n ; the actual value of n is 

12 

~n .. (2 > 

slur - 1 

0 is a term which allows for the compressibility of 


the fluid. Its value for various values of n nud l^/f’x 
is shown graphically in Fig. f>(). 
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A is the area of the pipe at the up-stream pressure 
hole in square feet. 

1‘x and I.‘ 2 arc the pressures at the up-stream and 
down-stream pressure holes respectively in pounds 
per square inch. 

\Y, is the density of the fluid in pounds per cubic 
foot at the up-stream pressure hole. 

For pure dry air \Y, - g-O'WX 1’j IV where Tj is 
the absolute temperature in degrees Fahrenheit. 

For a square-edged orifice having a diameter less 
than three-quarters of that of the main, and pressure 
holes in the plane of the orifice, and for <p-= 1 (nearly), 
the equation for the flow reduces to 

Q-O-fiOS A \ 0’j IVI'I H». per second. (:i) 

' n~ IL 1 1 J 

(ii.) Variation of the Discharge Coefficient 12, 
with the Diameter of the. Orijire. (nut the Head 
producing Discharge. - Hodgson investigated 
the laws of discharge for a range of diameters 
varying from one-sixteenth of an inch to nine 
inches. In these experiments water was used 
on aeeo.mt of the ease with which it could 
be metered. As was shown in $ (21) dealing 
with “The Calibration of Air and Steam 
Meters,” the. value of the discharge coefficient 
is the same for air and water under certain 
conditions. 

In his experiments the orifices were in all 
eases geometrically similar to the pressure 
holes in the plane of the orifice, as shown in 
Fig. 47. (treat care was taken in the pre¬ 
paration of tjjiese smaller orifices. They were 
made in hardened steel to ensure that their 
edges wer ? exactly square and without the least 
trace of “ wire «dge.” Their diameters were 
measured in four directions at, 45° to one 
another by means of a travelling microscope. 
The orifices were fitted in a Ihrigth of bored 
pipe. His results sluny that, for all values of 
d, £ within these limits, and for all values of 
do/d l less than 07, after the critical head has 
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boon readied the coefficient, of discharge for 
any orifice will not differ by more than 1 l 
per cent, from the value 0 508. Relow the 
critical head the water discharge varies as 
(P, - Po)"', where m is about 0-49. 

The experimental values of the discharge 
coefficient, and approximate 1 values for the 
critical head, are given for the smaller orifices 
in the following table : 


1 )ia meter «if 
Dp-sl ream, 

f/,. 

Diameter of 
Oriliec, ii.,. 

*!•{% 

(approximate). 

0. 

Critical Head 
ut Inches of 
WateR 

1 -ft 

inch 

(MX Hit) 

004 

0012 

340 

i 

ORTO 

0 02 

OOOf> 

2o0 

t-ft 

0 2412 

0 02 

0007 

ir>t 

1 -ft 

U-353D 

002 

o-inHi 

ST 


thick ness of oriUce plate in inches. 

Hence for values <>[ iljdy which lie between 
zero and 0-7 tin* coefficient of discharge, does 
not differ materially from 0008. 

loir values of which are greater (ban 

this the discharge coefficient, gradually dimin¬ 
ishes, and is so sensitive to minute varia¬ 
tions in the conditions under which the oriliec 
is installed, owing to the rapid variations in 
the pressure immediately up-stream and 
down-stream of the orifice, (hat. it is pre¬ 
ferable. to calibrate each individual orifice 


investigation of the value of Hie dis¬ 
charge coefficient for square-edged orifices 
is interesting from a laboratory point of 
view only, as the sharpness of the square- 
edge is very apt to he damaged by hand¬ 
ling or by erosion due to the flow. The 
value of the discharge coefficient ^then 
increases, and the discharge through the 
orifice can n«> longer be inferred with certainty 
from previous tests. For this 
reason, although the use of 
square-edged orifices is to be 
recommended for standard 
work on account of the ease 
with which they may be re¬ 
produced accurately and the 
exactness with which the co¬ 
efficient is known, for com¬ 
mercial work orifices which 
have slightly rounded edges 
are commonly used. The value 
of the discharge coefficient for 
| such orifices must be determined in each 
; individual ease by actual calibration, but 



Values of P t /P, 


Thickness- 0-Q2d t 
d y -1- 3d g upwards 


in situ. 

In some other experiments in which the How 
of air was studied it was found that the dis¬ 
charge coefficients for these square-edged 
orifices ale identical with the wafer values only 
in the limit when IVP, is unity. As P 2 /P, 
diminishes, the discharge coefficient, increases 
according to what is apparently a straight line 
law, which, if assumed to bold beyond the 
limits of the experiment which Hodgson was 
able to make, would seem to indicate a value, 
of 01)14 when the ratio P 2 /P, is zero. The 
value of the discharge coefficient for various 
values of IVP, is given with fair accuracy by 
the relation ii 01)14 - (KMMi P 2 /P,, as shown 
graphically in b"uj. 51. which represents experi¬ 
mental results for the following series of values 
of (L : 


'/)• 


.. 

• 

o •«.)<);'>" 

0070" 

ft !)<)“> 

MKH 

• 

ft 1)1)0 

1 -ros 

1 _ . . _ 1 

a me* relation 

holds approximately 


(within ; 1 per cent) for steam flows. The 


Km. r»l. 

has the advantage that it changes far less 
with erosion. 

§ (20) Ki.kctkioai. Types ok Has Meters.- • 
Resides the above-mentioned types of gas 
meters a number of novel forms based oil 
electrical measurement have been developed 
in recent, years, and one at least of these has 
been made on a commercial scale. 

(i.) The Thomas Gas Met err -This meter 
was invented by Professor Carl Thomas, of 
the University of Wisconsin. It is based on 
the measurement of the heat required to raise 
the temperature of the gas through a known 
range of temperature. 

The electrical energy required to produce 
the change in temperature is measured, and, 
as is shown later, is proportional to the weight 
of gas flowing. 

Hlcctrieal resistance thermometers are used 
to regulate the temperature range through 
which the gas is heated, because with 
thermometers of this type very small differ¬ 
ences of temperature can be accurately 
determined. 

If E is the amount of energy required to 
raise the temperature of Q units of weight of 


1 The critical head dues not occur at any very 
^vell-markcd point.. 


* Journ. Frank. Tiustit.. 1012, 411. 
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This meter is based on the same principle as 
the hot-wire anemometer. 

Essentially a hot-wire anemometer consists 
of a platinum wire heated to a. certain excess, 
temperature above the .surrounding atmo¬ 
sphere. 

Experiments have shown that the heat loss 
from the wire is proportional to the square 
root of the velocity of the stream past the wire. 

Ft also depends upon the density, specific 
heat, and thermal conductivity of the gas. 

King has developed formulae connecting 
these variables with the heat loss per unit 
length of the win* when maintained at. a definite 
excess temperature. The hot-wire anemo¬ 
meter is frequently employed for measuring 
wind velocity. 

When applied to measure the velocity of gas 
passing along a pipe an automatic arrangement 
is used for maintaining the wire at a definite 
excess temperature ; tin* method employed 
being similar in principle to that deseribod 
above in connection with the Thomas meter. 

The hot wire is carried in an open frame¬ 
work and projects into the pipe along a 
diameter. 


j which catches the haft of a swinging hammer : 

’ the arm lifts the hammer until it has passed 
its dead centre, when the hammer falls over 
I by gravity and strikes a finger connected 
j with the. valve 
gear and so re¬ 
verses the motion 
! of the piston, ami 
| similarly on the 
ret urn stroke. The 
I swinging hammer 
' prevents the valve 
from stopping in 
its mid - position. 

; A buffer is pro¬ 
vided which ab¬ 
sorbs any surplus 
energy in the 
hammer, which 
comes to rest w it h 
a thud. 

It will he ob¬ 
serves! that, tlu* in- 
I dieating mcehan- 
: ism measures the length of the stroke, 
and not the number of reciprocations. This 



V. Liquid Meters 

The meters employed in industrial measure¬ 
ments of liquids may he broadly classified into 
three types: 

The displacement or positive type in 
which a chamber is charged and discharged , 
alternately. 

The continuous flow type which involves 
the measurement of the velocity of a stream 
and a mechanism for integrating the total 
flow over a time interval. 

Automatic weighing machines adapted for 
dealing with liquids. , 

The majority of the meters described below , 
have been designed for water measurement. 

The primary requirements in the ease of 
water meters are reliability and automatic 
action. For many purposes it is also desirable 
that tho meter should he of such a type that 
it can be inserted in a pipe line carrying water 
under pressure and that not much head of 
water is absorbed for its operation. Positive 
type meters are generally used for this work. 

§ (27) Displacement oh Positive Type 
Meters, (i.) The Kennedy Motor .—One of the j 
oldest meters of this class is the Kennedy 
motor, invented by Thomas Kennedy in 1852, 
and shown in Fig. 55. The vertical measuring 
cylinder is provided with a piston kept tight 
by a rubber ring, which rolls between the 
surface of the cylinder and the bottom of tho 
wide groove in the piston, so avoiding sliding 
friction. The upper end of the piston rod is 
provided with a rack which rotates a pinion i 
connected with the counter, and also operates | 
tho valve gear. The pinion carries an arm j 


is important, because the travel ol tin* piston 
is subject to accidental variations, due to 
speed of working, friction, etc. By means of 
a double ratchet, operating through little 
bevels, the length of tlu* stroke is measured 
continuously during both the up and down 
motions of the piston. 

If it is desired to record the rate of flow 
with the piston and cylinder type of meter, 
which is essentially an integrating meter, it 
becoiihs necessary to introduce a clock and 
drum, by menus of which the number of 
operations in unit time are recorded graphic¬ 
ally. 

There are a number of other meters of this 
class, of which tlu* Chadwick and Frost, and 
the Worthington are well-known types. The 
latter meter was designed primarily for use 
in connection with boiler plants, and is similar 
to the ordinary duplex double-acting water 
pump manufactured by tho same firm. 

(ii.) Nutating Pi Mon Motor .—This meter 
belongs to the same category as the rotating 
pump used for charging gasometers. The 
action of the pump will he understood from a 
consideration of a simplified case. 

Imagine a hollow cylinder containing a 
smaller cylinder capable of rolling round inside 
(see Pig. 56). A partition which can slide radi¬ 
ally is fitted along one diameter and thus pre¬ 
vents passage of lirfuid across ; on either side of 
Vhis partition is situated an inlet and an outlet 
pipe. Tu the position of the cylinder shown by 
the strong line water is entering tlu* portion A ; 
that in Ii is being forced out through the 
outlet. When the cylinder has come into the 
position shown dotted, the water in A has 
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boon transferred to the outlet wide of the I intersection with the diaphragm and this line 
diaphragm ; the inlet pipe was closed as the j moves up and down across the diaphragm, 
cylinder passed its mouth and the water is j In the position shown in Fit/. 57 the water 
just beginning to enter i will enter from above, as indicated by the 
the space between tin* arrow at one side of the partition, and tilt the 
cylinder ami the din- j back edge of the disc upward and the opposite 
pliragm. Each rotation edge dow nward, forcing water out through 
of the cylinder causes J the lower opening at the rear side of* the 
the transference of a j partition. The result of this is to bring the 
volume of water equal ! disc into a position in which the water now r 
to that between the • enters on its opposite wide and to connect the 
cylinder and its casing. j space below the disc with the outflow; while 
In the meter 'lie j one compartment is idling another is emptying, 
cylinders are developed I making the How continuous. The end of tin* 
Kiu. 50. into a corn* and disc j spindle projecting upward from the disc 

inside a spherical ons- j follows a circular path. In revolving it pushes 
ing. This arrangement has the advantage I around a little lever attached to the spindle 
of permitting the meter to be double- ! of the gears in the middle compartment, which 
acting. in turn move the hands <>n the register dial. 

The meter is illustrated in Fig. 57, whilst 1 Each complete movement corresponds to tilling 
Fig. 58 is an enlarged view of the disc- and the measuring chamber mice. The number of 
casing. A disc of vulcanite is mounted on a times this is done is recorded bv the' dials. 




Fig. 57. 


ball worldng in sockets at the top and bottom 
of the chamber and just touches the sides of 
the chamber all the way round, dividing it 
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into an upper ami lower compartment. Each 
compartment is divided by a thin partition 
extending half-way across and passing through 
a slot in the disc. The disc does not rotate, 
but moves so that the axis of the ball describes 
a cone, while the disc tilts about its line of 


; (iii.) Jfimtlranlagc. s of (he Pi.slnu - type 
i Meter. --Although the displacement meter is 
i theoretically the most, accurate type, there are 
| serious practical disadvantages if the water 
j is not free from solid matter, such as sand. 
[ etc., on account of the friction and wear of 
| the closc-litting ports, and this defect is 
' especially noticeable with the nutating piston 
form, which has no packing on the piston, 
j §(28) Ektuol Mkasghi.no Pews.—Measur¬ 
ing pumps for the retailing of petrol are 
' coming into general use, as they facilitate the 
; storage of the liquid in underground tanks. 

The pumps employed for this purpose are 
identical witli the common piston pump, but 
especial attention is given to the elimination 
of the leakage past the valves and packing. 
The. entire prevention of leakage is a difficult 
matter to achieve with a liquid like petrol, so 
| in some types of meters the function <»f the 
pump is merely to fill a vessel of definite 



Fig. 50. 

! 

I capacity to overflowing, the surplus liquid 
! being returned to the tank. 

, The principle of this system will he under* 
I stood from an examination of Fig. 50. 
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Meters in which tho volume of petrol 
supplied is determined by the length of the 
stroko of the piston are usually made with 
leather cup pistons 
as illustrated in 
Fig. 00, the leather 
being pressed into 
close contact with 
the cylinder walls 
by the use of a 
coiled spring. 

In the*se meters 
the piston-rod is 
attached to a rack 
so that the operator 
moves the piston 
slowly up and down by means of a spur 
engaging in this rack. 

§ (20) Water Meters of the Continuous 
Flow Tyue.— Great accuracy of measurement 
is not generally required in water measure¬ 
ments, consequently the very simple type in 
which the water operates a turbine and 
revolution-counting mechanism is extensively 
used. The meters have the advantage of 
being fairly cheap to construct and are capable 
of dealing with large volumes of water. ()\\ ing 



Since it is assumed that the turbine wheel 
rotates at such a speed that there is no slip 
between it and the water stream, especial 
attention has to be given to the bearing 
surfaces of the moving parts to make them 
as frietionless as possible. 

The general arrangement of the meter will 
ho understood from Fig. 01. It will be seen 
that the water enters the main casing through 
the strainer. The column then divides, flowing 
to both sides of the double wheel, which carries 
two seta of vanes ; thus a water balance is 
set* ired and the end thrust eliminated. 

The wheel is surrounded by a chamber of 
volute pattern, providing at all points of 
the circumference the cross-sectional area 
necessary to handle the amount of water dis¬ 
charged by the wheel, at the same time con¬ 
serving the speed of the water column. The 
wheel is of vulcanised rubber composition, of 
practically the same specific gravity as water, 
and is earned on a vertical shaft of Tobin 
bronze which turns in a jewelled bearing. 
Owing to the water balance mentioned, tlie 
friction at this point is slight, being only that 
due to excess weight of the wheel and shaft 
over that of the water displaced ; the only 


I 


l-'KJ. (51. 



to leakage they are not very accurate, but 
sufficiently so for most commercial require¬ 
ments, and they operate best on circuits where 
the water is drawn off a full bore and then 
shut off entirely. 

(i.) Worthington Turbine, Meter .—A typical 
meter of this class is the Worthington turbine 
meter. This meter is identical in principle 
with the turbine pump. 


parts which are subject to wear are the counter, 
gearing, and the bearing points. 

(ii.) Cone and A)i*c Meter .—-This meter is 
one of the simplest types in use at the present 
time and was invented by 0. F. Deacon for 
detec ting and recording waste. In it a weighted 
disc lies in the smaller eiyd of an inverted cone 
(see Fig. 02). This disc is moved vertically by 
the flow of water, which causes an increase of 
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the annular area between the disc and the j when very small quantities of water aro 
cone proportionate to the increase of water i passing. 

passing t hrough the meter. The motion of j § (HO) 'I'hk Venturi Mktkk. 1 —The applica¬ 
tion disc is convoyed by : tion of the Venturi tube to the metering of 
an attached wire to a i water is due to Clemens Hersehol, who con- 
pen which records the ! strueted an instrument working on this jirin- 
positiou on a time- eiplc in 1881. 

driven chart. ! Hersehel named tlic meter “ the Venturi ” 

(iii.) / integrating ■, in honour of the Italian investigator wholnadc 
Mechanism. - - The late . a study of the flow of water in pipes of varying 
Lord Kelvin devised an ; cross-section. 

exceedingly simple in- ! The Venturi meter has a sound theoretical 
tegrating device for use ; foundation. Its operation is dependent on 
with this meter. He the fact that if a stream of w ater Hows through 
arranged that the meter ; a frictionless and horizontal pipe of varying 
spindle should draw a section which it completely fills, the pressure 
counter driven by a of the. water is smaller in the narrow sections 
Flu. 02. small vernier wheel and greater where the pipe, is of large diameter. 

across the centre line of Since the same quantity of water liows through 
a horizontal time-driven disc or plate. The each cross-section of the pipe, its velocity must 
reading of the counter will depend on the vary inversely as the area of the pipe, and its 
position of this wheel on the disc. Ln the kinetic energy will therefore he greater at 
actual centre of the time-driven disc there is t hese cross-sect ions. As, by hypothesis, its 
obviously no motion, and if the vernier wheel total energy is unaltered through the How, it 
of the counter is resting on this centre, then follows that what it gains in kinetic energy it 
no movement is transmitted to the counter, must lose in pressure energy, the suin of these 
When the maximum (low occurs the counter is two remaining constant from one end of the 
drawn by the action of the meter from the pipe to the other. 

centre to the periphery of the time-plate, so ; Expressing the same conditions mathe- 
that the maximum motion of the plate is ; matieally, it can ho shown that if A and a he 
transmitted to the counter. By this intercom ; the areas of the cross-section of the main pipe 
noction of the disc and vernier wheel the and the throat respectively, then the mean 
distance of the latter from the centre is pro- velocity V across the section at A is given by 
portioual at any point to tho amount of water the expression 
passing through the meter. The vernier wheel j ^ / 2f/(l > -p) 

is thus enabled to run on the time disc ami j \ d[(Aju)~ -1J’ 

totalise Hie amount of water which has passed 

through t he meter for any required period, where d is the density of the liquid and r/ the 
The movement of the vernier wheel is com- acceleration due to gravity, 
lnunieated to the spindle, of the meter through I Hence the velocity of How is proportional to 
an ordinary fusee device, of form common in the square root of the observed pressure 
English lever and verge watches. This fusee ’ difference. In practical cases viscosity of the 
is corrected by calibration to give the proper fluid and pipe friction renders the velocity 
movement of the vernier wheel. ! somewhat less than the calculated value, 

The chief friction in the meter is between the although in large pipes it may reach a value 
(list; wire and the gland, and this, it is stated, 1)9*5 per cent of the theoretical, 
need not exceed 2[ oz. Added to this is the The meter finds its greatest field of appliea- 
frietion due to the bending of the flexible cords tion for the measurement of large supplies, 
iu the fusee. It is important, that the frictional j and it is stated that meters are in service 
force should remain constant and of definite . each unit of which deals with as much as 
magnitude. The makers claim an accuracy of ; 500,( 100 ,000 gallons per day, passing through 
better than 1 per cent for this meter. i 200-inch diameter conduits. 

(iv.) Accuracy of Water Meiers used on i (i.) The general method of construction is 
Domestic. Supply Mains .—Water meters nre j illustrated in the diagram {Fig. 0*1). The inlet 
Commercially accurate instruments. Cases of j converges sharply to the throat while the 
meters which register correctly when installed outlet expands more gradually ; an angle of 
and over-register after being in service are [ divergence of 5° or 6° gives the best results in 
very rare. Any derangement, of the meter j reconversion of kinetic, to pressure energy. In 
from dirt entering the working parts or fnwn practice a hollow belt is cast around the pipe 
other causes is likely to slow the meter down at the up-stream side, where the pressure is 
and cause it to under-register. There is usually ; observed, and this belt communicates with the 
a small amount, of unavoidable leakage through : , Sl „. „ HvilraulK .. , (24) . V oI. I. The .lem.min- 

tho meter which causes it to under-register 1 ator should be [(A/m)* - 1], not as printed in Yol. I. 
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interior of the pipe by four small holes. These 
holes are bushed with vulcanite to reduce in¬ 
crustation. The throat is lined with a •mu¬ 
metal casting* and also has an annular belt 



I portional to the difference in the head only and 
! independent of changes in both tubes simul¬ 
taneously of equal magnitude. This deflection 
may be recorded on a clock-driven drum, 
ami from this record it is possible to find 
the total quantity discharged in any time in¬ 
terval. In order to eliminate the necessity of 
integrating the diagrams the instrument shown 
in Ftif. 01 is provided with a mechanical in¬ 
tegrator. To effect this a drum is employed 
which is driven on a vertical axis by the clock 
at a fairly rapid rate, say six revolutions per 
! hour. The motion o f the pen arm is com- 
j implicated to a small wheel mounted on a rod. 


round its centre which communicates with the 
interior by four small holes. By careful 
smoothing of the curves it is possible to obtain 
at the throat about six-sevenths of the differ¬ 
ential pressure given by the formula, and 


and the wheel is pressed against the drum by a 
spring. To the surface of the drum is fastened 
a sheet of metal cut in the form of a parabola, 
so that' this surface is on two levels, and as the 
parabolic sheet comes round, the small wheel 


also ensure that the square 
root law is almost exactly 
obeyed. The actual velo¬ 
city corresponding to a 
given fall of pressure is less 
than the calculated from 
the formula owing to the 
surface roughness of the 
pipe. Herschel found that 
the formula required a co¬ 
efficient varying from -04 
to nearly unity, being 
generally between -90 and 
•99. 

The ratio of the converg¬ 
ence A ja is generally 9 to J, 
but of course 1 is adjusted to 
meet the requirements of 
each ease. Too high a ratio 
of convergence is generally 
inadmissible owing to the 
loss of head in passing the 
meter. 

(ii.) Recordituj Meter for 
Venturi. In practice it is 
desirable to have a record 
of the quantity passing at 
any instant. In one form 
of meter this is effected by 
means of the following de¬ 
vice. At the base of the 


Differential 

Gear 



rises up on to it against, the 
tension of its spring. This 
motion of the wheel in and 
out from the axis of the 
ilium throws a small clock- 
driven pinion in and out of 
gear with a wheel on the 
counter. 

If, for example, there is 
a high velocity through 
th(‘ throat of the Venturi, 
the wheel will have moved 
almost to the full extent of 
its possible travel, and us a 
consequence will be neatly 
at the top of the cam drum, 
at. which point the para¬ 
bolic sheet is very narrow ; 
lienee ihe pinion will be in 
gear for almost the whole 
of each revolution. On the 
other hand, if the rate of 
(low is small, the wheel will 
be lowered to a level near 
the bottom of the drum, 
where the parabolic sheet 


1 


instrument are arranged a 
couple of cylinders tilled 
with water. From the bottom of each cylinder a 
pipe leads off to the Venturi, one being coupled 
to the up-stream and the other at the throat; 
so the height of the water column is the press¬ 
ure head at the point of the Venturi to which 
it is coupled. In each cylinder is a float rest¬ 
ing on the surface of the water moving with 
the latter. Strings icad from these floats 
around pulleys on a small differential gear 
(see Fit/. 61) so that the angular deflection of 
the shaft on which the gear is mounted is pro- 


Fiu. 04 

is very wide, and as a consequence the 
pinion will be hold* out of gear for most 
of each revolution. The counter, being driven 
by this pinion, records therefore the actual 
quantity passed, although the difference in 
level of the water»: in the tubes varies as 
the square of this quantity, for the ordinate 
of the parabola, on which the amount recorded 
depends, varies as the square root of its dis¬ 
tance from the vertex, anil*this distance varies 
as the difference in level or (P - p). 
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(.ii.) Advantage* and Disadvantage* of the 
Venturi Meter- -The disadvantages of the 
Venturi tube are (1) high initial cost of installa¬ 
tion : (2) great length ; (2) difficulty of alter¬ 
ing the range of differential pressures without 
replacing the meter. On the other hand, it 
possesses the great advantage that the flow 
through Venturi tubes of large diameter can 
bo predicted from theoretical considerations 
with a reasonable degree of certainty, when it 
would be difficult to calibrate them directly 
owing to large volumes which would be in¬ 
volved. 

§(31) Notch Mktkus . 1 —Liquid meters in 
which the volume discharged is determined by 
the height of liquid in a notch differ in prin¬ 
ciple from those previously described. 

Notch meters arc of considerable service 
when the liquid to be metered contains gritty 
material which would cause serious wear and 
tear if passed through tin* piston-pumps 
meters. The best-known notch meter is the 
V form. Tn IKtil Professor .James Thomson 
(brother of Lord Kelvin) showed that the 
rate of flow over a V notch was governed 
by a very simple formula. For a right- 
augled notch— 

Q 2f»3Cdl- cubic feet per second. 

This formula was found to hold to better 


I change of temperature can be made auto¬ 
matic. 

i (i.) The Lea Recorder.---V he Lea Recorder 
h ;.s an ingenious arrangement to convert the 
movement of the spindle which varies as H 
into a movement varying as H- for the pen, 
which accordingly has a dellection proport ional 
to the rate of tiow over the notch. Tins is 
' effected as follows : 'Die float spindle is pro¬ 
vided with a rack which gears into a small 
■ pinion upon the axis of a drum, which drum 
has a re wed thread upon its periphery. The 
1 contour of the thread is the curve of flow for 
the notch, aril just as the flow through a notch 
increases rapidly with its depth, so the pitch 
of the screw increases pro rata. Above the 
spiral drum is a horizontal slider bar, supported 
upon pivoted rollers and carrying an arm, 
which is provided with a pen point in contact 
with a chart upon a clock-driven recording 
drum. As the float rises, the movement of 
the spiral drum is imparted to the pen-arm by 
the puddle-urm, which engages at its lower end 
with the screwed thread. 

(ii.) integrator.— It will he noted from the 
foregoing Unit the depth of water in the notch 
can he observed at any time, and that the 
recording pen. which moves in direct propor¬ 
tion to the flow, produces a diagram whose 
area is a measure of the total flow ; and as each 


than I per <‘ 0111 . with the results obtained in 
experiments with heads varying from two 
inches to seven inches. The. formula pre¬ 
supposes the notch being placed in the side of 
an infinite reservoir, and it is not strictly valid 
when the stream has initial velocity. The fol¬ 
lowing table gives the flow for various depths 
of stream in the ease of a 00" V notch. 


Flow tiirouuu 00 V Notches 


Dept ii in 
Notch. 

Flow in 
(i.dlons 
per Hour. 

1 Lcpthili 

J Notch. 

Flow in 
(latlons 
per Hour. 

inches. 


! incites. 


1 

114 

! o 

27,700 

1* 

04H 

i i<> 

30,174 

3 

1,783 

M • 

47,003 

•l 

3.001 

12 

70,872 

r, 

0,304 

13 

00,171 

(> 

10,0X0 

14 

S3,011 

7 

14.S20 

ir> 

00,3.71 

S 

20,700 



— - — - 

- 

— — - • 

— — 


square inch of -ova represents so many pounds 
of water, the addition of the clock turning a 
cylinder having a scroll cut-in toothed wheel 
enables an integrating mechanism to he 
operated on a step-by-step method ( Fig. flu). 

I'ti!' Finn) Hull I lum Hu Flow 


Ccunung 
ti,ad | Cast 

* Fl(«. 05. 

Headers acquainted with the arithmometer 
calculating machine 2 will recognise the prin¬ 
ciple involved. 

The toothed drum rotates at a uniform rate, 
and the small pinion engages for a definite 
angular interval (lining each rotation depend¬ 
ent upon its longitudinal displacement. The 
1 counter is thus actuated for a varying time 
i interval which is a function of the height of the 
I water above the notch. 



Spirally Tn o' 



The formula for the flow in cases where the 
angle differs from 90° is not. simple, hut this 
is a point of secondary importance when the 
meters are empirically calibrated. In practice 
the height of the stream in the notch is shown 
by means of a float connected to a spindle. 
The immersion of the float being proportional 
to the density of the water, compensation for 


(iii.) The (Renfield‘ and Kennedy Meter. —The 
. (Uenlicld and Kennedy is another well-known 
form of notch meter in which a cam is employed 
to conveil an «th power into a linear function of 
the quantity. This earn is a profiled plate. 
The. float rotates the cam by means of a cord 
j and gears ; a small wheel hears on the earn and 
I slides up and down vertical guides, carrying 


1 Sit “ Hydraulics,” § (0), Vol. T. 


2 See “ (’idea la ting Machines,” § (4). 
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with it a wire which operates tho pen recording 
on a clock-work driven drum. No automatic 
integration device is provided in this meter. 

(iv.) Yorkc Meter. —1 it yet another form of 
meter, known as the Yorkc, the weir is s<« 
shaped that the rate of flow is strictly propor¬ 
tional to tin; distance measured between the 
bottom edge of the weir and the surface of the 
water. The shape of this notch is such that 
the submerged area above the at 11 is propor¬ 
tional to the square root of the head, but as 
tho discharge, is also proportional to the same 
factor, it follows that the height of water in 
the meter, above the weir sill, is directly pro¬ 
portional to tho rate of flow. 

(v.) Disadcatitayes of the : Notch Type Meter. 
—It will be obvious that notch type meters 
cannot be operated under pressure unless 
totally enclosed, consequently when employed 
for measuring the feed-water supply to boilers 
they are sometimes inserted on the inlet side 
of the feed-pumps. If the pumps leak appre¬ 
ciably it introduces a source of error in the 
readings unless allowed for. It is therefore 
more usual to measure the condensate with 
this type of meter, which procedure has the 
advantage that the indication varies more 
closely with the changes of the load on the 
power plant. 

§ (32) Automatic Volume Measuring 
M KTIJKS.— Besides the piston meters described 
iti § (27) there are others of the displacement 
type in which the water is metered by charging 
and discharging a tank of known volume auto¬ 
matically. In the Tippler meter there are a 
pair of tanks each fitted with a float and 
valve. The water is directed into either tank 
by a light shoot mounted on knife edges. 

Tho mode of working of the meter may be 
briefly described as follows : The shoot directs 
the water to be measured into one, tank, and 
when the level has risen to a certain height the 
float comes into operation and rises. This 
throws over a weight, tips tho shoot so that 
the water is now discharged into the other 
tank, opens the outlet valve and drains the 
full tank. The same set of operations is 
repeated by similar mechanism in the other 
tank. 

In the working of these meters care has to 
be taken to keep the valves in good order, and 
for accurate work it is advisable to tit a gauge 
glass and scale to check the volume at the 
instant of tipping. 

Automatic Weighing Meters. —Meters in which 
the water* is weighed are also in use. The 
general scheme of one form is to mount the 
tank on trunnions so that the tank overbalances 
when it contains a certain weight of water. 
The overturning is utilised to bring another 
tank into action while the former is emptying. 

In the Avery automatic liquid weigher the 
principle of an equal arm beam is adopted, 


I with the weight suspended at one end, and tho 
I weight hopjrer at the other. A quantity of 
liquid determined by the weights in the weigh- 
box is allowed to enter the hopper, and when 
J the correct amount has accumulated the supply 
! is automatically cut off. The cutting off is 
! done gradually, so as to bring the weight of 
; liquid to the exact amount necessary for 
: balance. Account, is taken of the liquid in 
the air between the valve and the hopper, 
j Immediately after receiving its load the weigh 
i hopper overturns and discharges its contents. 

\y empty hopper then returns to the weighing 
! position again and the same cycle of operations 
takes place. N<> external power is required to 
| work tho scale, and a mechanical counter is 
I fitted which automatically counts every weigh- 
; ing made. The weigh hopper is so designed 
that it completely discharges itself without 
shock, and a draining compartment prevents 
any residue remaining. The size of the outlet 
can he varied to allow thick or thin liquids to 
completely drain before the hopper tips back. 
The machine can Ire tested at any lime without 
difficulty, as in the case of any ordinary 
weighing machine. 

! Neither the automatic volume, measuring 
! nor the automatic, weighing machines are 
1 adapted for use in circuits under pressure, 

! but are, of course, of considerable service in 
i experimental work, and automatic weighing 
| machines are available for capacities of 2b lbs. 
to 2?. tons per discharge. A i(i 


Metric’ System of Units, Advantages of. 

See “ Metrology,” V. § (14). 

Metric Threads (Special): table of sizes. 
See “ Gauges,” § (.”>9), 

Metrological Work, Accuracy in : 

measured and manufactured. See 

Metrology,” IX. § (33). 

Present degree attainable. See ibid. I. 

§ll). 

METROLOGY 
I. Introductory 

§ (1) Scope of Subject. —The science of 
metrology deals primarily with the accurate 
measurement of the three primitive funda¬ 
mental quantities, mass, length, and time. 
Secondarily, it is ouncerncd with the simple 
direct derivatives of these quantities, such 
as area, volume, density, velocity, etc. In 
addition, certain subsidiary measurements have 
frequently to hi* made in connection with 
•metrological work; in particular, those of 
temperature, barometric pressure, thermal 
expansion, etc. These latter subjects are 
treated of under their respective headings 
elsewhere. 
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Very little thought is necessary to show that 
measurement of one or more of these simple 
fundamental quantities forms the real basis 
of every accurate physical determination, 
no matter how complicated, and the final 
accuracy of any physical result, therefore, 
depends iti the last resort on the accuracy 
attainable in the maintenance and reproduc¬ 
tion of standards for these quantities, and in 
the carrying out of comparisons with such 
standards. The work of the metrological 
laboratory is therefore of the first importance 
to the whole world, both of science and in¬ 
dustry, and its operations, though essentially 
simple in theory, often become extremely 
elaborate and laborious in practice, on account 
of the extreme care which has to be exercised 
in order to avoid as far as practicable every 
.source of even the minutest error. For the 
same reason the apparatus which lias to be 
employed, in order to achieve, apparently 
simple results, is frequently very complicated 
and costly. It is necessary at all times for the 
Standards Laboratory to keep well ahead of 
the accuracy demanded for external purposes, 
since a number of stops usually intervene 
between the determination of the standard 
and the corresponding derived physical or 
industrial measurement. And nowadays the 
demands, even of the industrial world, are 
calculated in many ways to tax the resources 
of the metro legist to the utmost. A good 
example of this will be found in the discussion 
on the use of cheek and reference gauges given 
below, § (151). 

It may be of interest here to state approxi¬ 
mately the degree of accuracy at present 
attainable with all precautions in a few- 
typical operations: 

Comparison of two kilogramme masses — less than 
1 part in H)". 

Comparison of two yard or metre line standards— 
about. 1 part in lt)\ 

Building up from 1 metre standard, through 4 metre 
har to 24 metre surveying tape—about 1 part 
in It) 6 . 

Comparison of yard or metre line standard with 
eorresponding end standard—a (font 1 part in 10". 
Calibration of set of end gauges (not less than 1 inch 
in length) -about 1 part in H>*. 

Determinations of volume and density- about 1 part 
in HP. 

Determinations of volume and density with extreme 
precautions, for very special work only (see 
reference to the Bureau International deter¬ 
mination of density of water,•§ (9))—1 part in 
10 *. 

§ (2) Fundamental Standards, (i.) Stand¬ 
ards of Length and. Mass. —-The standards of, 
length and of mass are material representations 
of the fundamental units, and serve, under 
certain specified conditions of employment, 
as the legal and scientific bases to which 
ultimately all measurements must be referred. 


The standards may be further subdivided into 
a number of grades. 

(а) Primary Standards. — For ‘precision of 
definition, it is essential that there shall be one, 
and only one, material standard to represent 
each of the fundamental units. This is called 
the primary standard, and is preserved under 
the strictest conditions of custody, used oifly at 
very rare intervals, and then solely for purposes 
of comparison with the corresponding second¬ 
ary standards. 

(б) Secondary Standards. —These are made as 
nearly similar as possible in all respects t<> the 
corresponding primary standards, with which 
they are compared at intervals with the 
greatest possible care, and records of their 
deviations from the primary standards are 
preserved. The secondary standards arc dis¬ 
tributed to a number of places for safe custody, 
and serve a double function. 

In the event of loss or damage to the primary 
standard necessitating its replacement at any 
time, a new standard would be prepared, and 
the various secondary standards recalled, and 
very carefully compared with it, and so, by 
means of their known errors, the deviation of 
the new primary standard from its predecessor 
would be determined, and continuity preserved. 

It. may be objected to this procedure that continued 
progress jn metrological science may render such 
a process of reproduction inferior in accuracy to I he 
possibilities of the time at whFh it may be required, 
and several proposals have been made in the past 
for definitions in terms of so-called “natural" 
standards, which might l>o supposed absolutely 
invariable in themselves, and which could be re¬ 
determined with f'ver-inereasing precision as methods 
improved. Some such natural standards have 
actually had a short-lived legal existence. But in 
practice material representations of the standards 
arc invariably needed in industrial, and almost 
invariably in scientific, applications ; and so far it 
lias b*en found easier to reproduce these material 
representations faithfully from material originals, 
rather than from any “natural" standard that 
has been proposed. 

And it may bo remarked that, since the 
present primary standards are material, the 
introduction of new standards in their place, 
whether natural or material, would, involve the 
preliminary determination of the values of the 
existing standards in terms of the proposed new 
standards, the accuracy of which determina¬ 
tion is in any case limited by the precision 
with which the existing standards arc suscept¬ 
ible of measurement. 

The secondary standards are also employed, 
in their turn, for occasional comparisons with 
the third grade, or tertiary standards. 

(c) Tertiary Standards. —These actually con¬ 
stitute the first reference standards in the 
ordinary work of the metrological laboratory. 
The primary and secondary standards are used 
solely as ultimate controls, and since it is not 



512 


METROLOGY 


permissible to use even the secondary stand¬ 
ards very frequently, the tertiary standards 
must also he kept entirely for referenee pur¬ 
poses, i.e. for (comparison at intervals with the 
working standards. ( 

(d) Working Standard*. ---These are the stand¬ 
ards of everyday use in the metrological 
laboratory. Their form, as well as that of the 
secondary and tertiary standards, should be as 
nearly identical as possible with that of the 
primary standards, though on account of Cost 
the material of which the lower grades are 
made is usually different. In practice also it 
is frequently useful to have a different material 
for some of the working standards, for quite 
other reasons. 

For instance, in the metric system the stand¬ 
ards both of length and mass are made of a 
platinum-iridium alloy, which is very dense 
and has a comparatively low eocllieient of 
thermal expansion. Now, if a large number 
of length bars have to be compared with a 
working st andard under conditions which make 
it possible to bring them easily to the. same* 
but not so easily to an accurately' Inoirn, 
temperature, it is a great advantage if the 
working standard employed is one having the 
same thermal coeflieient as the bars to be 
compared with it, so that slight errors in the 
assumed value of the temperature at which the 
comparison is made shall not affect the final 
result required, which is t he difference between 
the bar and the standard when both arc 
brought to standard temperature. Similarly, 
in comparisons of mass, if the density of the 
air is uncertain, it is of great advantage to 
reduce the magnitude of the air-buoyancy 
correction in the weighings, by using a standard 
of similar density to the weights being com¬ 
pared with it. Since the majority of industrial 
length bars, or scales, are of steel, and the 
majority of weights of brass, working standards 
of platinum-iridium would not well meet 
cither of these eases. 

In addition to direct comparison with objects 
more or less similar to themselves, such as 
those spoken of above, the working standards 
— particularly those of length—serve also ns 
the foundation for other measurements which 
may differ very widely indeed in type, and 
which have usually to be derived by one or 
more steps, making use of further inter¬ 
mediate standards. 


those of length and mass. The ideas presented 
to our minds by the words “ length ” and 
“ mass ” are essentially attributes of matter. 
This is manifestly true of mass, and if it 
happens that we are able to form a conception 
of dimensional space apart from matter, it will 
be found that in reality this conception depends 
ultimately on the idea of some kind of imagin¬ 
ary rigid framework, which takes the place 
of a material framework in the process of 
thought. The ideas of mass and length, also, 
are entirely independent of eaeli other, and of 
an" other attributes of the bodies to which 
they apply. This is not true of time. The 
most elementary idea of time before and 
after—itself implies an “ event," that is, some 
change in the state of the universe. Without 
such change time would have no meaning. 
And little thought is needed to show that every 
change which can conceivably take place 
implies some kind of motion, either on a small 
scale or a large. The idea of time, therefore, 
is indissolubly connected with that of motion, 
while motion, being itself simply change of 
distance, cannot be conceived apart from the 
idea of length. The idea of time, then, though 
essentially different in quality from those of 
mass and length, can only be thought of in 
intimate association with the latter, and its 
measurement can only he elTectcd by reference 
to some uniform motion. In fact, a little, 
reflection shows that the very definition of 
time—in a quantitative sense is to be found 
in Newton's First Law of Motion,“ which serves 
this purpose in just the same way as the 
Second Law serves for the quantitat ive defini¬ 
tion of force. 

The first law really contains two independent 
ideas the maintenance of direction of motion, 
and the maintenance of uniform speed—by a 
body uninfluenced by external forces. With 
the first of these ideas we are concerned only 
to the extent that it serves to simplify con¬ 
sideration of the second. The second is, in 
part, a statement of the experimental fact that 
if a number of such freely moving bodies 
occupy a certain series of positions at one given 
moment, and at two subseqm nt moments arc 
found to have moved from these positions 
through distances a lt b lt r l . . . a,,, b ? , c 2 . . . 
respectively, etc., then 



It will thus be seen that the first information 
received by the general public, either scientific or 
industrial, must be. at. least four stops removed from 
the primary standards, and frequently more, so that 
the necessity for extreme precision in every operation 
involved is immediately obvious. 

(ii.) Standards of Time . 1 —The standard of 
time is in an entirely different category from 

1 See also “ Clocks and Time-keeping.’’ 


Hut, in describing tho velocities of the bodies 
as “ uniform,” it goes, in effect, a step further 
than tnis, and states that each of the. above 
ratios is also equal’to tjl.,, where t x and l., are 
j the times elapsed between the first moment of 
i observation and the two subsequent ones. 
This assertion really constitutes the funda- 

2 Kve.ry body continues-in a state of rest or of 
uniform motion in a straight line unless compelled 
to change that state by the action of some force. 
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mental definition of time as a measurable 
quantity — that is, it provides a basis which 
enables two different times to be compared. 
It does not, however, serve to define a unit. 
The unit of time is entirely independent, of 
those of length and mass and remains stiil to 
be specified, but the measurement of time can 
only be effected, in the last resort, by means of 
comparisons of length. 

The whole of the foregoing discussion leads to a 
consideration of the question whether it might not 
bo more satisfactory to take velocity (> r speed) as 
the third of the three fundamental quantities, ratfier 

than tinu.a question whose present interest is 

considerably augmented by the great importance 
assumed by the velocity of light, in the recently 
evolved theory of relativity, according to which both 
length and time must !.»■ regarded as relative and 
dependent on the motion of the observer, wheieas 
the velocity of light, in ear, no is an altxnlute. constant, 
independent of such motion. The theory of relativity, 
however, does not affect ordinary considerations 
concerning (he applications of the fundamental units 
in everyday life, and it. would take us too far from the 
practical hearings of the subject to follow up this line 
of thought here. 

Returning, then, to the practical standards 
of time, we find that the ultimately accepted 
reference is to the results of Newton’s laws of 
motion, as exhibited by planetary motions and 
recorded by astronomical methods. The unit 
of time is defined hy the period of rotation of 
the earth upon its axis, ascertained by means 
of sun or star transits. This period is not a 
natural constant (in the sense, for instance, 
that, the velocity of light in ranio is ordinarily 
considered to he), since the rate of rotation of 
the earth is affected by tidal friction, by 
changes in the distribution of its mass due. 
to earthquakes and other movements, and by 
its general shrinkage due to cooling. The 
whole effect, due to these various cause's is, 
however, extremely small, and so far attempts 
to measure its amount by astronomical means 
(by comparison, for instance, with the motions 
of 1dm planets in their orbits) have failed to 
establish it with certainty. The change prob¬ 
ably does not exceed about. 0()T see. per diem 
(roughly 1 part, in 10 7 ) per century. 

A distinction is drawn between true solar 
time, which is that given by the actual transits 
of the sun, and according to which the length 
of the day (24 hours) varies slightly at different 
periods of t he year, and mf an solar time , which 
is that registered by a uniformly running clock 
whose hourly rate corresponds to one twenty- 
fourth of the average length of a true solar day, 
taken throughout the yo.fr. The ordinary 
time of both common and scientific use is mean 
solar time. # 

Astronomers in their calculations use a 
slightly different, standard of time, called 
sidereal lime , which is that, obtained from 
successive, daily transits of iixed stars instead 


of from those of the sun, and which, since the 
earth describes a yearly orbit round the sun, 
differs from mean solar time by one day in 
205], Or, more precisely, one hour of mean 
solar time equals one hour and 9-.Sofia seconds 
of sidereal time. 

The primary standard of time is thus a ’ 
natural one, and the principal apparatus con¬ 
cerned in the maintenance of the time standard 
is the transit instrument of the astronomical 
observatory. The place of the secondary 
standard is taken bv the principal, standard 
clock, which essentially is a mechanism de¬ 
signed to indicate with as great, precision as 
possible the lapse of successive equal intervals 
of time, during the periods between successive 
transit observations. The principal standard 
clock is also housed at the astronomical 
observatory, near the transit instrument, and 
its rate is periodically cheeked hy means of 
observations taken with the latter. 

The time standard of the metrological 
laboratory is a subsidiary standard clock, 
whose ivtfce is checked in its turn against signals 
sent out from the principal standard clock, 
either by means of the ordinary telegraph 
system, or preferably l»v wireless. Some form 
of recording chronograph is usually employed 
to compare the heat of the standard clock with 
the signals received from the observatory. An 
alternative method of comparing two standard 
clocks is by means of portable chronometers. 

Before leaving (his subject, if. may perhaps he 
remarked that while the accepted standard of time 
is based on a natural phenomenon, a material standard 
is not mnmccivuhlc. The water-clock, hour-glass, 
and pendulum dock all partake partly, but not 
completely, of this character, being each dependent 
on the value of gravity. Better examples are to be 
found in the chronometer, or in the tuning-fork. The 
former of these, being a (Tee ted by wear, by conditions 
of oilidg, and so on, could not be very satisfactory 
for use as a reference standard. But supposing 
suitable conditions of preservation and of use, and 
a sullieicntly stable material of const ruction, there 
is no theoretical reason why the tuning-fork should 
not. so function. 

All such material standards of time, how¬ 
ever, whether clock, chronometer, or t uning- 
fork, record it by a series of steps, and not 
continuously. In order to subdivide the 
steps, recourse must, be had to a continuously 
moving body, e.g. a chronograph drum, on 
which the successive steps can he recorded, and 
we are thus brought hack once again for the 
final measurement of time to comparisons of 
length. 

§ (9) Apparatus involved. —Tn addition to 
the actual standards of mass, length, and time, 
the metrologist is concerned with four more or 
less distinct classes of general apparatus. 

(i.) Apparatus used in (Comparisons of Stand¬ 
ards. r \'W)H includes comparators, dilato- 
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meters, certain types of end - measuring 
machine, balances, chronographs, etc. Full 
descriptions of these, and of their methods of 
use, will he found elsewhere. 

(ii.) Subsidiary apparatus, such as baro¬ 
meters, thermometers, etc., used to determine 
the precise conditions under which comparisons 
are made. Standard apparatus of such types 
is needed by the metrologist, hi 4. since they 
arc not peculiar to his craft, the reader is 
referred to the special articles on banometry, 
thermometry, etc., for descriptions. 

(iii.) Many articles of everyday use, both 
scientific and industrial, for the determination 
of simple physical quantifies, need either 
verification between certain specified limits of 
error, or for some purposes the actual deter¬ 
mination of their errors, before they can he 
regarded as fit- for service. As types of such 
articles may be mentioned : 

Engineers’ scales and gauges. 

Surveying tapes. 

Area meters. 

Barometers, mercurial and aneroid. 

Chemical weights. 

Hydrometers. 

Volumetric, glassware. 

Speedometers. 

Taximeters. 

Tests of all these various classes of apparatus 
are carried out in the Metrology Department of 
the National Physical Laboratory, while the 
Standards Department of the Board of Trade, 
which has the custody of the British Imperial 
Standards, is also responsible for supervising 
the inspection of commercial weights and 
measures, including the periodical verification 
of the Inspector’s Local Standards. 

(iv.) Verifications such as these latter involve 
the maintenance, in addition to the simple 
direct standards of mass, length, and time, of 
many derived standards of diverse types, and 
frequently of considerable complexity, together 
with special apparatus both for controlling 
these standards and for comparing them with 
apparatus submitted for test. Descriptions of 
both apparatus and methods employed will be 
found below, under various headings. 

II. General Considerations 

§ (4) Material Standards. —In the pre¬ 
paration of material standards, three essential 
desiderata have to he borne in mind : 

Permanence, involving (a) the stability of 
the material of which the standard is con¬ 
structed ; (b) the suitability of the material 
for the. mechanical or other operations involved 
in giving the standard the desired form and 
finish, including the permanence of the de¬ 
fining features ; (c) the ability to withstand 
as far as possible the effects of use - this may 


be a matter partly of the material used, and 
partly of design. 

Invariability, implying the attainment, of 
as high a degree of independence as may 
he practicable, of the results obtained from 
! the use of the standard, upon slight inevitable 
! variations or uncertainties in the exact con- 
j ditions of employment. This again involves 
| both the material and the design. 

; Facility in lf.se .—-This is mainly a question 
of design, hut may he affected also by the 
j nature of the definition, and of the material 
i used. 

1 (i.) Permanence. AVith regard to («) it may 

i>e said, speaking generally, that a pure homo- 
; generous material may ordinarily he expected 
i to have a higher degree of secular stability than 
an alloy, in which molecular rearrangements 
5 may take place with greater or less rapidity. It 
! happens, however, that the majority of pure 
! metals are less suited in their mechanical pro¬ 
perties— e.g. hardness, rigidity, susceptibility to 
fine polishing, etc.—than are many alloys, and 
as a matter of fact the primary standards of 
length, on both the English and Metric systems, 
are constructed in alloy, as is also the standard 
kilogramme. The imperial standard pound is 
of pure platinum, the standard yard of bronze, 
and the metric standards of platinum-iridium. 

Up to comparatively recent times the only 
available criterion of sufficient accuracy by 
which t-lie permanence of length standards 
1 could he ascertained was by establishing the 
relative, constancy of a number of bars of 
. different materials. If the differences in 
lengths between a number of such bars 
remain unaltered between a series of com¬ 
parisons spread over a considerable period of 
i time, there is strong presumptive evidence, 
though not absolute proof, that all the bars 
involved have remained constant during that 
period. 

In 1892 9, however. Prof. A. A. Micheison, 
working at the Bureau International des Poids 
et. Mesures, Sevres, succeeded in determining 
the value of the metre in terms of the wave¬ 
lengths of certain rays in the cadmium 
spectrum, to an accuracy approaching that 
with which the relative lengths of two similar 
bars can he determined by direct comparison 
under microscopes, thus affording for the first 
time a satisfactory approach to a “ natural ” 
standard of length. ' Repetition of this experi- 
: merit at long intervals of time should afford a 
I real criterion by which the absolute, perman- 
; ence of the material standard can he estimated. 

Of pure metals, nickel is perhaps the 
‘most suitable for a length standard of the 
ordinary type, being hard, rigid, capable of 
taking a high polish and fine graduation lines, 
and inoxidisablc. A nickel standard metre 
which has been in service at the National 
Physical Laboratory for nearly twenty years 
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has boon found, on successive comparisons j 
with the standard metre at Sevres, to have 
varied only bv 01 micron —one part in 
ten million of the total length-an amount 
which is no greater than the experimental 
error of the determination. • 

Under heading [It) come considerations of 
such properties as those mentioned in the last 
paragraph as being possessed by pure nickel. 

It would he useless, for instance, to construct 
a standard of either length or mass of any 
material, however suitable in other respects, 
if it wore liable, to surface tarnishing. Nor 
would any material be suitable for a graduated 
length standard if its nature were such either 
that fine, clean-cut lines could not he produced 
upon il, or that after production the edges of 
the lines gradually deteriorated by crumbling 
or Hating away. In choosing materials ot 
construction for standards all such points 

have to he home in mind. 

Under heading (r) we. come for the first 

time to questions of choice between standards 

of different tripos. In particular there, has in 
the past boon considerable fluctuation of 
opinion as to the relative merits of “hue 
bars and “end” bars, as ultimate standards 
of length, each type in turn having received 
recognition at various times Both the 
standard metre and the standard yard of the 
present dav arc line bars, the reasons princi¬ 
pally underlying the choice being, firstly, that : 
since the delining marks on such a bar are I 
merely observed through microscopes and not 
actually touched, during any comparison, 
there is no risk of any alteration due to this 
cause ; secondly, that, in the slat.f develop¬ 

ment which had been attained at the tune 
when these standards wore prepared, it was 
practically impossible to produce end bars o 
such perfection of finish as would he required 
to enable them to be compared with each 
other to the same degree of accuracy as is 
possible ill comparing line bars with each 
other under microscopes in a good comparator, 
nor were suitable end-bar comparators avail- 

al.le for work of this accuracy : and thirdly, 
that to secure the necessary hardness of the 
contact surfaces on end bars necessitates either 
that thev should he made of steel with hardened 
ends in' which case there is the risk of secular 
change in length, and also of rusting, or else 
plugs of some hard miltcnal -f.g. agate 
must, he inserted in the ends ofrtlic bar, which 
leads to mechanical difficulties in construction, 
With some uncertainty as to the permanence 
of the joints secured. 


arc available which arc at least as accurate as, if 
not more accurate than, the microscope comparator 
method of comparing line standards. So much so 
licit, ill the v l iter’s opinion, it is certainly easier 

to uotuili precise determinations of fractional sun- 
divisions of the original standard by the Miter- 
comparison of a senes of end bars thanby flic 
microscopical calibration of a graduated hue bar. 
lint, in any ca.se. since both line and cud measures 
arc required in everyday use, we could not avoid 
the fundamental operation of translating from hue 
to end Measure or lief rerun, whichever type 
Standard were originally chosen, and tins, unto,fun. 
ntely, IS one of the most difficult operations in 
nu-trology. 


In view of recent developments in mechanical 
methods, if, indy lie doubted whether these various 
objections still hold with the full force which they 
had when the original rlS.ice was made ( crtmnly. 
end liars can now he finished with all tile accuracy 
required, and mechanical means of comparing them 


It should perhaps Ik- observed, however, 
that, other things being equal, the end bm 
provides a more definite standard than the 
lino bar—that, is to say that, should methods 
of measurement improve, the distance between 
two well-finished surfaces, pleasured at specilicd 
contact points, remains still a satisfactory 
reference, whereas the graduation marks on a 
line bar, however fine, are actually furrows of 
8 „ch a * character that if magnification is 
pressed beyond a certain point irregularities 
in their edges become a,.parent, and then- 
exact location becomes uncertain to tins 
extent. The lines on the best existing primary 
standard, the international prototype metre, 
are of a thickness of about 0-0012 to O-'XW min 
and serve lor observations to an accuracy ot 
! about micron (1 micron "'iiil mm.) 
i.jtiit, A. E. II. Tilt-ton 1 lias indicated the 
possibility of using a new type of line standard 
to about ten times this accuracy, and it >W 
i were done, questions of temperature, control, 
and also, possibly, of the nature of sur ace 
contacts, would give rise to such difficulties 
that the theoretical advantage of an ™d bai 
| suggested above might he of little actua 

""tinder this heading it may he desirable also 
to refer briefly to the question of the care 
whirli it is necessary to exercise in preserving 
important standards. (irdinary precautions 
an- by no means sulheient.. I he lightest 
| dusting of a standard mass, repeated many 
times in the course of years, is sulheient to 
remove minute quantities ef material from its 
surface. The standard should, therefore he 
of hard material, highly polished, and of 
smooth external form, so that no dust can 
lodge in any angle or crevice. A so * >> 
camel-hair brush may he passed lightly over 
its surface before use. No other form of duster 
should he employed. Similarly, any robbing 
of the surface of a line standard m cleaning 
must, be scrupulously avoided, otherwise there 
is a risk of shifting the apparent positions ot 
the lines bv slight burnishing of their edges 
If any preservative medium is used it must, 


1 Pm. It.fi- A, rex. 45!>, Appendix. 
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Ik* entirely inert, an<l such as can be com¬ 
pletely removed by simple washing with some 
volatile liquid which will leave the surface of the 
bar perfectly dry and clean. Pure vaseline oil, 
free from acid, has been found suitable for use. 
as a preservative, and may be dissolved when 
required by Hooding with pure clean petrol. 

(ii.) Invariability.- Under this head the 
following are typical considerations : 

(a) Thermal Expansibility of Material .—'I his 
is of the greatest importance in the <'Use of a 
length standard, it is in all eases necessary 
to define, the precise temperature at which 
the material standard represents the funda¬ 
mental unit, though if the. cocllicient of 
thermal expansion is known, if is not always 
essential to make observations exactly at the 
temperature of definition. Manifestly, how¬ 
ever, the lower the thermal expansibility, the 
lextf exactly need the temperature of oDserva- 
tion be ascertained, in order to achieve a 
specified accuracy of result. Ill the case of 
a primary stain lard, which is used always 
under conditions enabling the temperature 
to be completely controlled and accurately 
ascertained, this consideration is of less 
importance. But in certain other cases r.<j. 
where a standard has to 1m* employed in air, 
instead of in a thermally controlled bath it- 
becomes of very high importance indeed. 

Two cases arise. Firstly, if it is possible, to 
ensure that two bars being compared are both 
brought to exactly the same temperature, 
though the absolute* value of that temperature 
may not be known with high precision, then 
it is most satisfactory for bot h liars to be of 
the same materia! —or at any rate of materials 
having closely equal coefficients of expansion 
— so that, the properties of the standard having 
once been determined with accuracy, only 
small errors will be introduced in the computed 
value (at standard temperature) <»f the bar 
compared with it, due to slight uncertainty as 
to the exact temperature at which the com¬ 
parison has been made. For this reason it is 
frequently desirable, where a considerable 
number of comparisons of importance are 
involved, to have a special working standard 
of the same coefficient as the pieces to he 
standardised. 

On the other hand, in certain classes of 
comparisons it would be exceedingly difficult 
to ensure that both the pieces being compared 
were brought to the same temperature, and 
when this is so it becomes necessary to deter¬ 
mine* with precision the absolute, temperature 
of each of them. In such a case the (working) 
standard may very desirably be one having 
a low thermal coefficient, so that errors in 
ascertaining its temperature during the com¬ 
parison become of less account. 

Two materials having very low' coefficients 
of expansion have been discovered. These 


are “ invar,” a nickel steel alloy containing 
30 per cent nickel ; and fused silica. Invar 
is a member of a remarkable series of alloys 
first brought into prominence by l)r. Ch. Ed. 
Guillaume, Director of the. Bureau Inter¬ 
national des Poids et Mesures, whose book 1 
should be consulted on the subject. About 
the percentage composition mentioned, very 
slight variations in the amount of nickel 
present in the alloy have very marked effects 
oil the value of its coefficient of expansion. 
Tlic coefficient of an ordinary invar bar is 
usually about j 1 ,,tli that of steel (i.e. about 
0 000001 per l u With great care, how¬ 

ever, it is possible to procure alloys having 
actually zero, or even slightly negative, 
coefficients. Unfortunately, while being of 
the highest value for certain purposes in the. 
construction of subsidiary standards, invar, 
from the point of view of a primary standard, 
suffers from two very serious drawbacks. It 
gains its remarkable properties from the fact 
that it has a metallurgical critical point at a 
temperature not far removed from ordinary 
room temperatures, and its molecular structure 
is in a state of imperfect equilibrium, and 
tends to change with changes of temperature, 
the effects of the molecular changes balancing 
the expansion or contraction which would 
otherwise be associated with those, of tem¬ 
perature. This molecular instability it is not 
surprising to lind accompanied by exceptionally 
large secular growth. A newly forged invar 
bar is found to increase in length at the rati* 
of about seven parts in a million per annum, 
tin* rate gradually diminishing with time, but 
still quite appreciable, after the lapse of many 
years. The early part of the growth can hi* 
accelerated by suitable thermal treatment of 
the bar, but even so the subsequent growth 
is still very considerable. 2 

Secondly, there is a thermal “ hysteresis,” 
by which is meant that the bar, upon a change 
occurring in its temperature, does not 
immediately take up tin* final value corre¬ 
sponding to the new temperature, so that its 
length at any moment involves its past 
history, and cannot he computed from its 
instantaneous temperature, ev'Mi if allowance 
be made for its mean rate of secular growth. 
Invar, therefore, is entirely unsuited for use 
as a fundamental standard. It is, however, 
largely employed tor certain purposes—par¬ 
ticularly in the construction of the tapes or 
wires used in geodetic surveys—where the 
conditions of use are such that temperatures 
cannot he deteriliined with high accuracy, 

1 Aeiers mi wirlW. pub. by-Gautier-Villars, INirto. 
Si c also the article " Invar and KlirGar.” Vol. V. 

2 It should lie noted that l>r. Guillaumes latest 
researches {Prar. Phi/*. Sw. xxxii. 374) indicate tlie 
possibility of realising a form of “ invar wliu-n « 
practically stable, See also “ Invar and hliuvar, 
Vol. V. 
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and a low coefficient of expansion is therefore 
of first importance. 

Fused silica has a coefficient of expansion 
even less than that of ordinary invar, being 
just under half a part in 1,000,000 per 1° C. 
The suggestion was accordingly made that | 
this material might be made use of for the | 
construction of a standard of length. It is ; 
free from the objection of thermal hysteresis, I 
and being a pure material might reasonably 
be expected to be secularly stable. This 1 
point, however, remained to be investigated. 
An experimental "silica metre” 1 was there¬ 
fore made at the N.P.L and has now 
been kept under observation for nearly ten 
years (excluding the war period 1915-18), 
with the result I hat no secular change has so j 
far been detected. It might be objected that ! 
the extreme fragility of such a material renders 
it unsuitable for use as a standard. To this 
it may be replied that such extreme care 
should be taken of any standard as to render j 
this objection of small account, with the half- i 
jocular, but none the less true, corollary that i 
a slight accident to a metal standard might I 
affect its length without leaving any visible j 
cause for suspicion, whereas if the silica | 
standard were actually broken there could be 
no doubt, in the matter. A standard of fused 
silica is of course very much cheaper than one 
of platinum-iridium, and apart from any other 
purpose which it may be found to serve, the 
unique nature of the material, and the special 
peculiarities in design thereby involved, cer¬ 
tainly render it a most interesting addition to 
other existing types of standard. 

The «lioiee of material for the construction 
of a standard of length is thus guided by 
a variety of circumstances. In the ease of 
a primary standard, permanence is a first- 
essential, and cannot be subordinated to any 
other consideration. But the material for a 
sub-standard may vary greatly according to 
the exact- requirements of the particular case. 

(6) The invariability of a standard may also 
be affected by its design and method of use. 
Perhaps the best example of this is to be 
found in the gradual evolution of the form 
of cross-section adopted in the modern type 
of line standard, where the elastic neutral 
axis of the bar is exposed and polished, and 
the graduations marked thereon, so as to 
avoid any stretching and compression of the 
plane of graduation <lue # to the flexure of the 
bar under its own Weight; and in the choice 
of two points of support for such a bar, at 
such a distance apart that when the bar rests 
upon them the distance lift,ween its principal 
graduations has its maximum value, when of 
any slight cjror in the setting of the supports 
has no influence on the measured length 
between the graduate ms. 

1 See “ Standards of Length," $ (0) (ib). 


(c) In the case of standards of mass, which 
usually have to be weighed in water, as well 
as in air, or in vacuo, in order to determine 
their densities, it is essential that they should 
V so constructed that there is no risk of 
water entering, and so varying their weight. 
Weights with screwed-in tops are consequently 
quite unsuitable for important work, A 
standard mass must be formed in one solid 
piece, with< -it joints of any kind. For the 
same reason the material must not be porous. 
Furtb *i. it must be nun-hygroscopic, so that, 
its surface is unaffected by variations in 
atmospheric humidity. 

(iii.) Facility in Vse. —This is concerned 
largely with considerations arising out of the 
nature of the methods adopted for making 
observations of the standards, and since these 
may vary considerably from time to time with 
the introduction ol new ideas, generalisat ions 
are hardly possible, with the except ion of such 
obvious ones as that a standard must not- be 
too heavy or too bulky for convenient mani¬ 
pulation. 

Thei.- is, however, another class of con¬ 
sideration which perhaps comes under this 
heading, and this is, that certain properties 
of the standard, nr certain features in its 
definition, may have a bearing on the accuracy 
with which it is possible to carry out the 
actual operations involved in its employment-. 
For example, the greater the density of a 
standard mass, the smaller is its volume, and 
j the smaller, therefore, the buoyancy correction 
! which needs to be- applied to weighings made 
1 in air in order to arrive at the true* value 
I of the mass in vacuo" 1 of the standard. 

| Since it. is by no means easy to determine the 
! actual density of the atmosphere at the time 
of weighing with the precision necessary to 
1 give this correction to an accuracy comparable 
' with that of the weighing itself, it is a desidera¬ 
tum to keep the total amount of the correction 
I as small as possible, so that any small error 
in if- shall have a minimum effect on the final 
I result. 

j Another question of a, similar kind, which has 
been the subject of much discussion, is that of 
i the best temperat ure of definition for standards 
I of length. This point is fully discussed below, 
j Fart III. § (5), (i. a), (ii.), and (iii.). 

§ (5) Conditions ok Obskkvation. (i.) 
Distribution of Observation* in Time. —Suppose 
I a number of observations are being made under 
conditions which are slowly changing. It is 
I then necessary to pay careful attention to the 
order in which the various observations are 
made, and to the time intervals between them. 
In a great many cases the conditions will be 

1 This expression, commonly used. Involve a 
redundancy of terminology. The not™ of any object, 
is unvaried, whether weighed in air or in raruo, 

1 is nvight in raruo is the property artnally determined, 
and is employed to ascertain the measure of its mass. 

2 r 
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such that tlin whole of the observations of one 
set can be completed in a sufficiently short 
time to justify the assumption that the rate of 
change lias been constant during that period. 
If this be so, and if the rate of 'change is so 
slow that there is no danger of one phenomenon 
“ lagging ” behind another to an extent which 
will affect the relation which it is desired to 
establish between them to the order of accuracy 
contemplated, then it is sufficicifr to arrange 
that the “ centres of gravity ” in point of time 
of each group of observations in any''one set 
are coincident, and then to calculate from the 
arithmetical means. As an exam ole, consider 
the case of two standard bars being compared 
under microscopes in the water bath of a 
comparator. Suppose the temperature of the 
water to be gradually rising. If the above- 
mentioned conditions hold, and if t.,, etc., 
represent readings of the thermometer in the 
water hath (anti therefore, if there be no 
“ lag,” that of the bars), and if A,, A 2 . . . 
B,, B.„ etc., represent readings of lengths of 
the two bars, readings may be taken in the 
following order : ' 

( lt A„ Bj, A,, / 2 , 

and then, if the intervals between the successive 
observations were equal, we should have the 
result: 

A,,-A 
2 1 

-difference in length between A and B at 
temperature (/, +t.,)j'Z. 

(ii.) Balancing WriifJit of Observations .—Such 
a set of observations as the above is not 
entirely satisfactory, since twice as many 
readings have been taken on A as on B. To 
get over this it is usual to proceed further, first 
stirring the water in the bath again to equalise 
temperatures throughout as far as possible, 
and then reading 

B a , A„ B 3 , f 4 , 

• • a B 2 iB, 

giving A 3 - 2 

— difference in length between A and B at 
temperature (/ 3 -ff 4 )/2; and so, taking the 
whole of the observations together. 




— difference of length between A and B at 

(G + L + G D/L 

This is now satisfactory to the extent that 
each bar has been observed an equal number bf 
times, and neither bar, therefore, has more 
influence on the result than the other. But it 
is still unsatisfactory in that the “ weight ” 
attached to observations A 3 and B A in calculat¬ 
ing the final result is double that given to the 
remaining observations A,, A 2 , B 2 , and B 3 , so 


j that any error in A 3 or B x leads to twico as 
great an error in tho result as it would have 
! produced had it occurred in A„ A 2 , B 2 , or B 3 . 
Since the errors to which all the A s and all tho 
B’s are respectively liable are naturally equal 
: in amount, this is manifestly unfair. 

To overcome this objection the middle ob- 
i servation of each series ought to be repeated, 
j first of course making all the customary adjust¬ 
ments over again so that the repeat observa- 
| tion is genuinely independent. We should 
; then get the complete series 

,j, Aj, Bj, B'j, Ajj, / 2 | f 3 , B 2 , A 3 , A' 3 , B 3 , / 4 , 

! lea<ling to the difference 

A, 4 A a f A 3 + A' ; ; B, + B', H B a I B ; , 

4 4 

! at temperature (/, + 1., + l A + f.,)/4, in which at 
last each bar, and each observation also, re¬ 
ceives equal weight. 

It would be permissible, if desired, to make 
, an additional temperature observation between 
readings B,, B', and A 3 , A' ;} , but it should be 
noted that such additional temperatures arc 
j not strictly needed, and should, in fact, agree 
’ with the means of /, and t., and of and / 4 , 
respectively, if the assumption of a uniform 
j rate of change of temperature during each 
j series is justified. If they do not, the cause 
I may he either error of observation, failure 
1 in equalisation of time intervals between 
■ observations, or actual departure from a 
j uniform rate of change in temperature. 

If only the first of these causes be at work, 
then the additional readings may he used to 
> improve the accuracy of the final mean tem¬ 
perature, giving them equal weight with the 
original four. The second cause should not be 
permitted to arise, while if the third is found to 
be present, steps should he taken either to 
improve the conditions, or to speed up the 
observations, until its effect becomes negligible. 
Should this prove impossible, other methods of 
observation would have to be employed. 

(iii.) Balancing Numbers of Observations: 1 
Method of Least Squares. —The ideas underlying 
I the above example must be kept continually in 
mind in all operations where results of the 
i highest accuracy are desired. And they apply 
! not merely to an individual comparison, such 
as that described, but also to the combinations 
of many comparisons which arc ordinarily 
I involved in any one complete investigation. 

It is naturally desirable, where very high 
accuracy is aimed at, to have a large number of 
“ redundant ” comparisons— i.e. comparisons 
j in excess of the number actually necessary to 
give sufficient mathematical data to enable 
| definite values to be calculated for*the various 
I unknowns involved. Fo£ instance, the differ- 

' 1 See also “ Observations, Combinations of.” 
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cnee between the two bars A and B would not 
be considered satisfactorily established by 
means of a comparison such as that outlined 
above, no matter how many series of observa¬ 
tions had gone to its making. At least one, 
and usually two or more other bars would be 
brought in, and each compared with each. 
If there were four bars we should have the 
equations 

A - B - a v B — C - « 4 , 

A — 0 « 2 > B — D — « f) , 

A-D-a;„ C-D u a , 

or six equations in all, from which to calculate 
the “ best ” values for the threo unknown 
differences A - B, A ( ’, and A - T>. These 
best values are then computed by the ** method 
of least squares,” and comparison of the final 
calculated values against the a's of the observa¬ 
tional equations gives a series of “ residuals ” 
the magnitude of which serves to indicate the 
degree of accuracy which has probably been 
attained in any one of the original comparisons ; 
while the greater the number of redundant 
comparisons involved, the higher is tin* prob¬ 
able accuracy of the final computed results for 
the same average accuracy of any individual 
comparison. 

It will he noted that in the above example 
each bar enters into the observational equations 
the same number of times, and has, therefore, 
an equal influence with all the others on the 
final results. It is always desirable, if possible, 
to arrange the various observations of any 
complete, set in such a way as to achieve this 
condition. 

It is important in considering any particular 
case of the kind to he clear what observations 
constitute independent, comparisons. As a 
very simple, example, suppose that we have a 
set of standard end gauges from 1" to 0" by 
inches, of which the value of the 0" gauge is 
known, and it is desired to ascertain the 
lengths of each of the other gauges. This may 
bo effected by comparisons of groups of the 
gauges, arranged to make up the same total 
lengths, in a suitable measuring machine. If 
we limit the comparisons to those which are 
possible by the addition of not more than two 
gauges to make up any one group, the following 
table exhibits all the combinations available, 
where each group in anv one. column can be 
compared directly with every other group in 
the samo column. The results of the com¬ 
parisons would be recorded in the form of 
small observed differences between the various 
groups of nominally equal ifUm. 


:i : 4 J 6 

t) 

1 -Hi ! 2+6 j 3 Mi 

1 -+1 j 1 1 3 j 1 -t-4 

1 1 fi j 

.. i .. 

.. ! .. ! 2 + 3 

2 i 4 | 

2 !-. r > | .. | 

- - ! - 

•• ! 

3 1-4 | 3+5 1 4 | T. 


j Consideration of the table shows at once that 
i there are in all 1 1 + 3 + 3-13 + 1 + 1 13 

. observational equations fur the determination 
of the five unknowns, and that into these 
equations the 1", 2", 3", 4", and 5" bars each 
! enter 8 times, and the G" bar 0 times. H is 
' unfortunate that there should he less observa¬ 
tions involving the 6" bar than the others, 
j since the G" is the known reference from which 
the determination of the remainder is to he 
j effected, and the final accuracy of all the 
! results, therefore, depends on the weight 
attaching to the link with the G" bar given by 
the whole procedure. This, however, does not 
affect the fact that, since each of the other bars 
enters into the operations the same number of 
times, the probable observational error attach¬ 
ing to the final result of each bar will he the 
same, provided the comparisons are properly 
made. 

Here arises the point which we now w isft to 
discuss. Take, for instance, the comparisons 
I concerned w ith the nominal length of 5". The 
natural procedure, having set the measuring 
machine for dealing with comparisons of this 
length, would be to lake first the 5" bar, then 
the \" and 4", and finally the 2" and 3", bars 
together, insert each group in turn between the 
; jaws of the machine, and take the correspond¬ 
ing readings, a, b, and c. Then we should have 

! 5" - (1" -l 4") — a - b, 

(I" I 4")~(2" + 3 ")- b-c, 

• (r+:r)-rr---c-ff. 

But these three equations are not independent. 
By the very process by which they have been 
obtained, their right-hand sides add up pre¬ 
cisely to 0 (as of course, theoretically, they 
should). Had they beep truly independent 
observational equations, however, then' would 
I have been some small observational error by 
i which this sum would have differed from the 
[ theoretical zero. And it would not he correct 
to use them in the above form and still to say 
j that each bar entered equally 8 times into the 
; final computation. 

| A little consideration shows that the process 
by which the various differences have been 
derived involves two actual observations for 
J the comparison of two groups of gauges 
! - leading to one observational equation— 

| whereas in the comparisons of throe groups by 
j the above method only three observations have 
i been made use of to obtain three observational 
I equations. Each equation of the latter kind is 
j therefore entitled to receive only half the 
■ weight given to those of the first kind, in 
; making the final calculation. If this he done, 

I r.r.. if half weight he assigned to each observa¬ 
tional equation derivable from the three middle 
j columns of the table, it will he seen that the 
1 various gauges then enter into the computation 
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as follows : I", 2", 4", and 5", five times each ; j 
3", six times ; 6", four times. The 3" is thus j 
determined ‘with slightly greater precision than 
the others. The difference in, this simple 
example is not great, hut the moro correct. ' 
procedure would he to re set the measuring ! 
machine after the comparison of the 5" with 
the *1" + 4" bars, and then to make a com¬ 
pletely independent comparison of the l"+ 4" 
with the 2* f 3". and similarly f»V the 2"-[ 3" 
with the 5". Only so would the original 
conclusion as to the equality of accuracy 
in the final results for all the five bars he 
justified. 

Special cases may. of course, arise where- it is 
inconvenient, or impossible, so to arrange the observa¬ 
tions that each <»f the quantities which it is desired 
to determine enters equally into the calculations. 
The method of least, squares provides the means for 
dealing with such cases as readily as with others, 
but naturally the results ale not of such general 
utility when so derived. 

Other cases also occur, in which the nature of the i 
articles being compared, or the conditions under ! 
which the comparisons have to lx* cap’ied out. 
prevent the attainment of as high accuracy in some 
parts of the operation as in others. For instance, ! 
one of a number of standard bam being inter- . 
compared may have graduations of poorer quality ' 
than the rest, in which case all observations involving j 
this particular bar will lx* less accurate than those j 
in which it is not concerned. Or if several end-bars j 
had to he determined in terms of a line standard. ■ 
it would he natural to compare each independently : 
with the line standard, and then to compare each 
with each in a measuring machine. These two ! 
operations are essentially dissimilar, and in such j 
eases it becomes an exceedingly difficult matter to 
judge the “weight” which should be associated , 
with each class of observations. It is naturally 
desirable, also, as in every other experimental in¬ 
vestigation, to repeat all determinations, if possible, , 

by independent methods, and a similar difficulty 
arises in weighting the results obtained by various 
methods. I 

Where a sufficiently large number of observations J 
of each class are involved the method of least 
squares gives a the< >re1 ical means of assigning weights, j 
based on tin? degree of variability found amongst j 
the observations of any one set, but it. does not seem ; 
to be generally realised what a very large number | 
of observations are required before this theoretical I 
criterion becomes really serviceable, and in practice j 
it will very often be found that sufficient observations j 
are not available. In such cases much has to be j 
left to the judgment of the skilled observer, who may | 
either attempt to equalise the weights of the various j 
groups of observations by increasing the number j 
of readings in the more uncertain cases, or by j 
“ weighting ” his observational equations in accord- , 
ancc with his estimate of their value, before making I 
the final computation. Naturally such a process j 
is never felt to be completely satisfactory. Hut, if 
the observations are all reasonably good, it will 
generally be found that considerable variation can 
be made in the discretionary assignment of weights 
without very seriously a fleeting the final results. 


(iv.) Absolute , Relative ., and Proportional 
Errors .—It is desirable perhaps to point out 
here the distinction which is sometimes lost 
sight of by writers on line measurement, 
between absolute and relative accuracy. 
Particular attention should be paid to this 
point, as it is frequently possible, and for a 
great, many purposes is often sufficient, to 
be able to determine differences between two 
similar objects to a high degree of accuracy, 
under conditions which make it exceedingly 
difficult, to ascertain the absolute value of 
either with precision. Accuracy of comparison 
is therefore frequently liable to bo confused 
with accuracy of absolute measurement , which 
is a more fundamental conception. In the 
ease we have just been considering, where a 
group of six bars are intercom pared with a 
view to determining the lengths of the shorter 
ones in terms of the longest, which is supposed 
to be known, suppose we set out the results 
thus, 

l *(>"+«!, 

2" — Jj X it" -t- (I,,, 

5 "g X 0" j a r> , 

which is the mathematical form in which they 
will actually appear from the calculation. Wo 
have shown how to arrange the observations 
so that each bar enters into the calculations 
with equal weight, whence so far as this 
particular investigation is concerned, each 
should be determined with equal accuracy. 
In other words, the probable errors of the a'a in 
the above equation should be the same, in 
aosolate magnitude. In proportion to its lengt h, 
however, this means that the value found for 
the 1" gauge will have five times the probable 
error of that found for the 5". It is thus 
important, in any investigation of this kind, 
to see that the method employed is of sufficient 
delicacy to ensure the desired proportional 
accuracy on the smallest of the articles involved. 

On the other hand, any error in the value 
assumed for the it" bar is automatically repro¬ 
duced, as may be seen from the equations, in 
the values for all the other bars determined 
from it, but only in proportion to their lengths. 
Thus, if we are aiming at a certain proportional 
accuracy in the final result for the shortest 
bar it is necessary have at least the same 
proportional ac curacy in the preliminary deter¬ 
mination of the longer bar on which the whole 
proceeding is based. It would be useless, for 
instance, as far as^absolute measurement even 
„on the shortest (1") bar is concerned, to have a 
machine for making these comparisons capable 
of indicating millionths of an if.ch, unless it 
were possible to deduce the IF' bar from the 
line standard to an accuracy somewhat better 
1 than 1 part in 1,000,000. 
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Wo have already indicated that with the 
best means hitherto devised this is about the ! 
limit of accuracy with which the conversion ! 
from line to end measure can he effected, so ! 
that an absolute accuracy of one-millionth of 
an inch can only he obtained on sizes not 
exceeding 1", although a sufficiently delicate 
machine may he able to compart considerably 
larger sizes to this accuracy. It may safely 
be said, in fact, that the actual attainment of 
an absolute, accuracy of one-millionth of an 
inch over the 1" length has only recently been 
achieved. 1 

In those eases, however, where the very 
highest accuracy on the smallest sizes is not 
sought, the proportionate reduction of the 
original error of the head-piece of a set, when 
the rest of the set is evaluated in terms of it, 
is extremely useful, since it is usually not 
diflicult in such cases to determine the value 
of the head-piece to a degree of accuracy 
sufficient to ensure that all uncertainties due 
to this cause are negligible throughout the 
scries. 

Precisely analogous remarks apply, for 
instance, to the determination of the values of 
a set of sub-standards of mass, or of chemical 
weights, in terms of the head mass of the set. 

(v.) Symmetrical and Asymmetrical Errors .— 
Tlx*, theory of least squares proceeds on the 
assumption that all the errors which occur an* 
equally likely to he positive or negative in 
sense. 

Errors of this type are (ailed " symmetrical ” 
and are those which most commonly arise. 
But errors predominantly, or entirely, in one 
sense may, and do, occur under certain cir¬ 
cumstances. Such errors arc called asym¬ 
metrical, and may ho due either to the actual 
conditions of the problem, to the apparatus 
used, or to the personal idiosyncrasies of the 
observer. As exam]ties of each of these causes 
we may cite the following : 

(</) Suppose it is desired to measure by 
means of a divided scale the distance between 
two parallel straight lilies. Lay the scale on 
the paper, across tlx* lines, and take the 
readings at the two lines. If there are no 
errors of reading, and the scale is correct, 
there is still one possible source of error 
remaining. The scale may not he exactly 
perpendicular to the lines. In that, east* the 
length measured will exceed the true distance 
between the lines in tlx* tiatio, see 0: J, 
where 0 is the error in setting of the scale. If 
the operation is repeated a large number of 
times, dillerent readings will he obtained, all 
approximating to the true value, but all, s( 
far as the error occurs, in excess of it. And 
the mean of*all such readings will be in excess 
of the true value by an amount depending on 
the accuracy of the means available for setting 
1 See “ Gauges,” §§ (82)-(8:t). 


the scale square to t lx* lines. In this ease the 
difficulty is inherent, in the problem. Its 
effect can he reduced, but never entirely 
eliminated, by improving the method of 
: control. 

(b) When slowly falling temperatures are 
being measured by means of mercury thermo¬ 
meters there is a well-known tendency for the 
reading to be slightly high, by an uncertain 
and variable amount, due to tlx* sticking of 
the surface of the mercury thread iu the 
| capillary of the thermometer. The mercury 
I moves with a series of small jerks instead 
of continuously, and under the conditions 
ordinarily applying to the use of mercury 
( thermometers for recording temperatures in 
the water hath of a comparator the error in 
i reading may in the worst ease amount to 
+ 0*1 -J in circumstances where an accuracy 
of at bast (MU C. is required. 

Another case of a familiar operation in 
! which an asymmetrical error may arise from 
the nature of apparatus cm ployed is in gaug¬ 
ing a p'**ee of cylindrical work by means of a 
snap-gauge. The distance between tlx* jaws 
of the gauge may he determined with the, 
greatest delicacy, hut the smallest pressure 
I applied in use (it is hardly possible to avoid 
| some pressure—and a clumsy workman may 
use a good deal) exerts a most powerful wedge 
1 action on the gauge which causes it to spring 
: open elastically, and so pass work in excess 
| of the nominal size. 

* (c) It is well know n that individual observers 

' have personal peculiarities which affect their 
; observat ions with a certain bias. For instance, 
in judging the setting of a graduation mark 
between tlx* two cross-wires of the micrometer 
eyepiece of a measuring microscope, one 
observer will systematically set more to the 
left, and another more to the right. This is 
. true even of skilled observers, and makes 
1 it necessary to arrange either that one 
observer should take all the tradings, so 
that on taking differences his ” personal 
equation ” is eliminated, or else, if more 
than one observer is employed, to arrange a 
systematic interchange of observers, in such 
a way that each takes an equal share in the 
total of each group of observations concerned. 
If there is still any question as fro tlx* complete 
elimination of ” personal ' error, the matter 
can only he dealt with by having the work 
repeated by a number of different observers, 
and the results compared. 

Asymmetrical errors naturally arc very much more 
troublesome than symmetrical ones, which latter 
can be dealt with completely by taking a sufficient 
number of repeat observations and then taking 
: a mean. The larger the number of observations 
taken, tile smaller will he the probable error of the 
mean—though only in proportion to the inverse 
i square root of the number of observations, so that 
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unless the probable error of the individual observa¬ 
tion is itself fairly small, the attainment of a really 
small probable error in the linal result means taking 
an enormous number of repeat readings. But there 
is no theoretical limit to the improvement obtainable 
by multiplying observations where symmetric errors 
only are involved. The ease of asymmetrical errors 
is qqjte different. If the distribution of the asym¬ 
metrical errors follows any kind of law there will be a 
definite mean error to which all tly observations 
tend, and the only result of multiplying readings 
is to approach this mean error more closely, Where 
any cause of asymmetrical error is known, or supposed 
to exist, no precaution should be omitted to eliminate 
it, or to minimise it as far as possible, and eare should 
always be taken to determine an upper limit to its 
possible influence, and to see that this is not in 
excess of what can be tolerated in the particular 
investigation concerned. Where the error is instru¬ 
mental in character it can frequently be got over by 
a re-design, or by the use of some alternative pro 
ecdi.Te. Where it is inherent in the problem there 
is nothing for it but to improve the methods of control 
until it has been sufficiently reduced. The mode of 
eliminating personal errors lias already been indicated. 

in considering any proposed design of apparatus, 
or any proposed procedure in a met rological opera¬ 
tion. therefore, the most careful attention should 
be directed to investigating all possible sources of 
asymmetrical error, and providing against them in 
the most suitable manner. In eases where direct 
single readings are required, and means are not 
likely to be taken, symmetrical errors liuve , iiaturally 
to be treated ou the same footing as asymmetrical 
ones, and equal precautions taken with regard to 
errors of either type. Hut. where means of large 
numbers of readings are to be taken symmetrical ' 
errors of larger magnitude can be allowed. 

When once the accuracy to be attained in any 
particular operation lias been laid down, the magni¬ 
tude of the permissible error due to any cause can 
be decided. It is naturally desirable to keep each 
source of error as small as practicable within the 
limits of cost and labour which the particular opera¬ 
tion may justify. And this applies especially to 
asymmetrical errors, which tend to give definite 
and (algebraically) additive errors in the results. 
Hut. if one particular source of error cannot, within 
the limits of the problem, be reduced below a certain 
amount, there is no great advantage in making 
any special effort to reduce any other source to an 
amount less than (say) ,',-,th of this, particularly 
where the errors considered are symmetrical in type, 
since a large number of such sources of smuller errors 
would be needed to affect appreciably the total 
probable error of the result, while so long us errors 
are symmetrical in character the mean is unaffected, 
and a few additional readings will sulliee to restore 
the de-ired accuracy. 

(vi.) Temperature Control .—The elimination I 
or reduction of errors due to variation 
and uncertainty in temperature conditions, 
naturally plays a very important .part in all 
exact metrological operations and becomes, 
in fact, one of the most difficult problems ; 
involved when results of the very highest 
accuracy are desired. We have already i 


I indicated how by suitably choosing the 
materials of construction of the standards 
! to*he employed in operations of different types, 
and by suitably arranging the order of the 
observations, errors due to uncertainty as to 
the absolute temperature conditions, or to a 
gradual uniform change in these conditions, 
j may be minimised. Rut it still remains 
i necessary both to control, and generally also 
j to measure, temperatures with great precision 
! in order to obtain satisfactory results. 

Variations in temperature may usually be 
! attributed to four main causes, viz. : to 
I differences between the temperature at which 
I the apparatus has to be maintained for the 
purpose of the investigation anti that of its 
surroundings ; to general variations of external 
conditions due to the weather and to in¬ 
equalities of distribution due to the heating 
and ventilating arrangements of the building 
in which the experiments are carried out; to 
the use of small lamps for illumination, or 
other similar accessories, in conjunction with 
the apparatus itself ; or to the bodily presence 
of the observer. And their influence may be 
manifested either directly by their effects upon 
the objects being measured, or indirectly by 
their effects on the apparatus used, or upon 
other circumstances affecting the conditions of 
the experiments. The circumstances that may 
arise are naturally very varied in character, 
and the detailed descriptions given under 
various headings below show sufficiently the 
kind of precautions taken in a number of 
typical cases. A few general remarks can, 
however, be made. 

The nature of the control which can be 
effected is, of course, very largely dependent 
on the conditions of the particular problem 
to be dealt with. If it is essentially an outdoor, 
or “ lield ” experiment, such as the determina¬ 
tion of the base for a geodetic survey, any 
control over the external condition is naturally 
out ef the question, and recourse must be had 
(for example) to the use of invar as a means 
of reducing the amounts of the variations 
produced by changes of temperature, and to 
the provision of appropriate means for ascer¬ 
taining the actual temperature of the tape or 
wire employed. This is by no means easy in 
the open air, particularly if the sun be shining 
and/or a wind blowing. 

In the laboratory, the control of external 
conditions whicji can be effected still depends 
to some extent on the nature of the problem. 
A mural base, intended for standardising the 
tapes or wires used, in the field, itself occupies 
considerable space, which it would be difficult 
to control completely against variations of 
temperature. And here, too, the^comparisons 
still have to be made in ?ir. But the majority 
of metrological apparatus, and in particular 
that concerned with comparisons of the 
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principal standards, can be accommodated j 
in rooms which are not. too large to be eon- { 
veniently regulated by thermostatic devices 
which enable a rough preliminary control of 
temperature to be maintained. The proper j 
design and location of the rooms in a suitable j 
building also assist largely in this direction. 
The principal rooms of the Metrology Depart- j 
merit of the National Physical Laboratory are i 
all inner rooms, completely surrounded on all j 
sides by corridors, or by other rooms, and 1 
lighted through double-glazed ceilings, over j 
which is a roof-space below double-glazed ' 
north lights, so that no direct sunlight can • 
enter. Artificial heating and ventilation are j 
provided. 

Protection from the effects of the observer’s j 
presence may usually be secured by the intro- j 
duction of suitable screens or lagging round j 
the*, important parts of the apparatus, or : 
alternatively, as is done, for instance, with 
certain balances designed for the most refined j 
weighings, provision may be made by which 
the observer is enabled to perform all the 
operations needed for the experiment, and 
to take all the observations, while himself 
remaining at a distance. Screens or lagging 
may also be used to reduce the effects of 
local heating due to small lamps, which, 
however, can frequently be replaced with 
advantage by collimators arranged to focus j 
light on to the apparatus from a distance. 

These two classes of effects can often he 1 
further minimised by the choice of suitable*! 
materials for the essential structural parts 1 
of the measuring apparatus (as distinct from j 
the objects being measured). The judicious j 
employment of invar may be particularly ; 
useful in this connection when the effect is ! 
direct. In other cases invar may be applied j 
in the construction of the working standard , 
itself, as, for example, in the pendulum rod : 
of a standard clock, if, on the other hand, 
the effect to be feared is due to the differ- I 
eticc of expansion of two different parts of 
the apparatus subject to the same thermal j 
influence, it is usually more important to 
ensure that each is made of the same material \ 
than that either of them individually should 
have a low thermal coefficient. 

When temperatures are varying even slowly | 
it is extremely difficult to be sure that the j 
thermometer readings really correspond with j 
the temperatures simultaneously existing in 
the objects being compared, owing to the lag 
of both, thermometer and object behind their 
surroundings, which lag* may be entirely 
different for one and for the other, accordin'* 
to their external form, to the material of which i 
they are mitle, and to the history of the tern- j 
perature change's. This, of course, applies j 
with greatly increased force to those cases i 
where it is necessary for the comparisons to 


bo made in air. As far as possible the objects 
to he compared, with their thermometers, 
should be placed together in enclosures 
sufficiently .well lagged to prevent any but 
very slow changes in external temperature 
from penetrating, and precautions should he 
taken to ensure that, the objects and the, 
thermometers arc in as intimate association 
as possible. A second and delicate thermo¬ 
stat ie^control of the interior of the lagged 
compartment, may be desirable in many cases, 
and if it can bo tilled with water, or other 
liquid, and well stirred at frequent intervals, 
a great advantage may be gained. 

Two types of thermal screen may be 
employed, either singly or in conjunction. 
Their respective advantages and applicability 
should be considered in each case. A non¬ 
conducting lagging has the effect of preventing 
the tlnv of heat., and so damps out the more 
rapid of the external fluctuations. Hut it. docs 
not facilitate the equal distribution of tem¬ 
perature throughout the whole of the internal 
space. A metallic envelope, on the other hand, 
though it lets heat pass, tends, as a conductor, 
to establish a uniform temperature over its 
whole surface, and so by radiation to equalise 
the temperature distribution throughout its 
interior. For this reason metallic cases are 
of great value for the better types of balance. 
To secure the maximum advantage from a 
metallic case it should preferably he polished 
to a highly reflecting surface externally, and 
coated a dull black to facilitate radiation 
internally. 

If surrounded bv an outer covering of 
lagging material, the polishing of the external 
surface is, of course, not necessary. 

(vii.) l\lit/idiiji of .1 pjtaratus and Foundations. 
—This may play an important part in deter¬ 
mining the accuracy of results. Krrors may 
arise from vibrations of the apparatus as a 
whole, transmitted to it through the earth 
and caused generally by the motion of heavy 
bodies or traffic in the neighbourhood. Or 
they may arise from displacements clue to the 
motion of the* observer, or of cither individuals 
('lose at hand; or from the necessary move¬ 
ments of parts of the apparatus itself leading 
to slight distortion of oth r parts. 

It is hardly possible to eliminate completely 
all effects due to earth tremors, but they can 
usually he minimised by mounting the whole 
apparatus on a sufficiently massive foundation, 
which should also be made quite independent 
of the foundations and floors of the building, 
so that it may be unaffected by movements 
of the observers and others. Those important 
parts of the apparatus itself which are liable 
to distortion, or vibration, should be made 
as rigid as possible, and should be designed 
so that they are supported in a manner which 
relieves them from the influence of deforma- 
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tions arising from the motions of other parts. 
This may frequently he done by making the 
part in question as a separate unit, and giving 
it only a kinematie constraint p.§. by resting 
it on three balls arranged on the well-known 
hole, slot, and plane principle. A good 
exanvple of such a ease is to he found in 
the microscope girder of the 1-metre com¬ 
parator (see ** Comparators,” § ((>)'. a 

111. Systems of Standards 

§ (0) Historical and General. —At the 
present day two systems of standards, the 
British and the Metric, are so firmly established, 
and each of such widespread application, that 
both have to be fully considered in any general 
discussion of this question, while all others 
fade into comparative insignificance, and have, 
at the most, local or historical interest. Of 
the two systems mentioned the British is of 
far the greater antiquity, weights and measures 
according to this system having been handed 
down, with some vicissitudes but \yith no 
violent alterations, from those in use by the 
Romans. Eaeli system uses the second as 
the unit of time, so that the dilTerenees 
between them relate solely to the units of 
length and mass. 

(i.) British rails .—The fundamental stand¬ 
ard of length on the British system is the 
yard, a length which has been preserved 
almost unchanged since the days of Edward I. 
The popular idea that the yard was originally 
“ the length of the King's arm ” is not correct. 
Various attempts at legislation with a view 
to enforcing the use of uniform standards of 
length and weight have been made in almost 
every country from very early times. The 
importance of such uniformity in commercial 
intercourse is obvious, and is even now the 
most powerful argument of those who advocate 
the universal adoption of the metric system. 
Such legislation had occurred in England 
prior to the reign of Edward I. But the inch, 
the foot (deri\ed from the Roman foot), the 
cubit (18"), and the ” ulna,” which was the 
predecessor of the yard, and which gave its 
name to the van! of Edward 1., had been 
defined independently of each other, and in 
various manners, at different times. The 
effect of the Act of Edward I. was to correlate 
and unify these various pre-existent measures, 
and the important clauses, translated, read 
as follows : 

“ It is ordained that three grains of barley, 
dry and round, make an inch ; 12 inches 

make a foot; 3 feet make an ' ulna' ; 

f>A nine make a perch : and 40 perches in 
length and 4 perches in breadth, make an acre. 

“ And it is to be remembered that the Iron 
Ulna of our Lord the King contains 3 feet 
and no more ; and the foot must contain 


12 inches, measured by the correct measure 
of this kind of Ulna, that is to say, one thirty- 
sixth part of the said Ulna makes one inch, 
neither more nor less, and /U nine, or 10| 
feet., make one perch in accordance with the 
above described Iron Ulna of our jjord the 
King.” 1 

Unfortunately the actual standard bar 
created by Edward 1. has been lost, and the 
earliest authentic standard wo possess is the 
brass yard of Henry VII., now preserved in 
the Standards Department of the Board of 
TnUle. 

The Act of Edward I. also specified measures 
of capacity, the gallon and the bushel, and 
apparently copies of the principal standards 
were made and distributed to various towns, 
for it continues : 

“ The standards of the bushel, of the gallon, 
and of the ‘ ulne ’ which have been sealed 
with the iron seal of our Lord the King are 
to be kept diligently and safely, under a 
penalty of £100. And let no measure be made 
in a town, unless it agrees with the measure 
of our Lord the King, and is sealed with the 
seal of the corporation of the town. If any 
person buys or sells with measures that have 
not been sealed, or have not been inspected 
by the mayor and the bailiffs, be will be 
severely punished. And all measures and 
‘ nine,’ greater and less, are to be inspected 
and carefully examined twice every year. The 
standards of the bushel, of the gallon, and of 
the ‘ nine,’ and the seals with w hich they un¬ 
sealed, are to be kept in the custody of the 
mayo*' and the bailiffs, and of six legally sworn 
citizens of the town, in whose presence all 
measures must be sea,led.” 1 

Tt will be seen that here we have, in theory 
at least, a very well developed scheme of 
inspection of weights and measures correspond¬ 
ing fairly closely to the current practice of 
to-day. 

Tli* history of the standards of mass is 
similar. At different times “ pounds ” of 
various kinds have been used and standardised 
for different purposes, and the ease, is cum- 
plicated by the inclusion of money measures, 
owing to the minting of coins by weight. The 
term " sterling ” is a survival of an early name 
of the penny, while on the other hand we 
still have the “ pennyweight ” of 24 grains, 
or one - twentieth of an ounce Troy. Jt 
took very muck longer for the standards of 
mass to he co-ordinated and regulated than 
for those of length. Of five standards which 
have been variouslydegaliscd at different times 
&e have still the systems of Avoirdupois and 
Troy weight in existence, but even these were 
not finally defined, in their present values and 

1 Translations taken from British Wright* mid 
Mr a hum:, by Col. Sir C. M. Watson, K.C.M.d., <-.b., 
M.A. Published by John Murray, London, lull). 




METROLOGY 585 


relationship to each other, until as late as 
1824. 

An Act of (it'orge IV. passed in this year 
repealed all the laws on the subject enacted 
since the time of Edward I., and ordained that 
all measures of length were to be based upon 
a standard yard which had been constructed 
by a Parliamentary Committee in 1758, which 
was in future to be called the imperial standard 
yard ; and that all measures of weight were 
to be derived from the troy pound constructed 
by the same Committee, which was to be 
known as the imperial troy pound, and 
that the pound avoirdupois (containing lb 
avoirdupois ounces) was to he exactly equal in 
weight to 70(H) troy grains. 

The Act further defined the gallon, in the 
form still legal, as the volume occupied by 
10 avoirdupois pounds of distilled water at 
the temperature of (jO ,J E. weighed in air 
against, brass weights, with the barometer at 
30 inches of mercury. 

The yard constructed by the Parliamentary 
Committee of 1758, and legalised by the Act of 
1824, was based on a brass yard made by order 
of Queen Elizabeth in 1587, which is also 
preserved at the Board of Trade, and which 
agrees with the present standard yard within 
,j„- inch. The yard of Henry VII. differs 
from the present legal standard by (>-<KJ7 inch. 

The Act of 1824 required the yard if damaged 
or lost to be replaced bv reference to the 
length (39-1303 in.) of the “pendulum vibrat¬ 
ing seconds of mean lime in the latitude of 
London, in a vacuum at the level of the sea," 
and the pound weight by reference to the 
weight of a ‘‘cubic inch of distilled wafer at a 
temperature of (i2° F.” 

The present legal standards were constructed 
after the destruction by lire, in 1834, of the 
standards authorised ten years earlier. A very 
careful study was made of all available copies 
or the lost, standards on which it was con¬ 
sidered thal any reliance might be placed, and 
an elaborate investigation was made into tin- 
conditions of the problem. In particular, new 
and more accurate thermometers bad to be 
specially made and calibrated for controlling 
the temperatures of the length standards 
riming measurement. The Committee en¬ 
trusted with the work recommended against 
referring to any natural standards such as the 
quadrant of the earth’s nn ridian, or the length 
of the seconds pendulum tin* idea of com¬ 
parisons with the wave-length of light by 
interference methods had not then been 
developed—and decided to*safeguard against 
future loss by duplicating the standards and' 
causing copies, known as “ Parliamentary 
copies,” to he deposited in safe custody with 
various responsible bodies. These copies were 
carefully corn pansl with the imperial standards 
preserved in the ollice of the Exchequer, so 


, that their small inevitable errors are known, 
and were deposited in 1854 (1) in the Houses of 
Parliament (immured in the New Palace at 
"'ostminsterj, (2) at the Royal Observatory, 
Oreemvich, (3) at the Royal Mint., and (4) with 
| the Royal Society. These Parliamentary 
I copies constitute the secondary standards of 
the British system, and, with the exception of 
those iii!»i!ii 1 in the New Palace at Wcst- 
tninst.A are required by law to be intereom- 
: pared o.iee every ten years, and to be com¬ 
pared with the imperial standard once every 
twenty years. 

An* Act (18 & 19 Viet. c. 72) of 1855 
legalised these standards, and at the same time 
reversed the relative positions of avoirdupois 
and troy weight, making the former the only 
legal standard for general use, and limiting 
I thi'. application of the latter to the weighing 
of golu, silver, and pi vein us stones, and*tlic 
retail sale of drugs. This Act did not nomin- 
| ally alter t he actual magnitudes of the stand¬ 
ards, although tin* standards themselves had 
in the meantime been lost by lire and replaced 
as faithfully as possible by reference to existing 
copies, between the years 1834 and 1855. 

An Act of 18(H) transferred the custody of 
the imperial standards from the Comptroller- 
(leneral of the Exchequer to the Board of 
Trade, and the Weights and Measures Act of 
1878, which is still in force, repealed the 
Standards Act of 1855, hut re-enacted so much 
# of it as particularly described the imperial 
standards themselves. At the same time the 
troy pound was abolished, though the troy 
oawr, of 480 grains, remains a legal unit for 
weighing gold, silver, ami precious stones. 
Apothecaries’ Measure is also retained for the 
use of druggists. 

(ii.) Mt'.lrir I'nil*. The history of the metric 
system is less involved, commencing from the 
time of the French revolution (1792). The 
standard of length on this system is the metre, 
which was originally intended to be one ten- 
. millionth part of the quadrant of the earth’s 
meridian. The measurement of the meridian 
was made in terms of tin* old French mea¬ 
sure, t he " loise,” and from this determination, 
made with very high precision for its time, 
it was found that the theoretical length of the 
, metre should he -513074 toise. The original 
“ Metre des Archives ” of France was con¬ 
structed on this basis, and consisted of a tlat 
bar of platinum, 25 mm. wide x 4 mm. thick, 

: the. metro being thenceforward delined as the 
i distance between the centres of the end faces 
j of this bar, at the temperature of melting ire, 

I without further reference either to the toise 
or to the earth’s quadrant. 

The metric unit of mass, the kilogramme, 
was intended to he the mass of a cubic deci¬ 
metre of water at its temperature of maximum 
density (4° (’.). This was determined by 
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careful measurement and hydrostatic weighing j the Archives. The intercomparison of the 
of a bronze cylinder of equal diameter and J national copies of the new standards with the 
length (243 o mm.), from which, by comparison, ! prototypes, and with each other, occupied 
was constructed the platinum standard kilo r another seven years, and it was not till 1889 
gramme. | that these were accepted by the Conference 

Both these operations were conducted with ! ami distributed by lot to the various nations 
ex try me skill, and the accuracy obtained in signatory to the convention. The national 

both standards, as is now proved by measure- J copies are all as nearly as possible identical, in 
ments made with improved appliances and material and construction, with the prototypes, 

more modern methods, was appreciably higher and are to be regarded as tertiary standards, 
than could have been anticipated fn.ni the ; Two standards of each type (metre and kilo- 
means available at the time. The metre 1 gramme) were i Iso selected to serve as 
appears to have been established in terms of j “ temoins ” or secondary standards— i.e. to 
th<* toisc to about 0 01 mm. (1 part in 100,000), act as controls on t he prototypes, or to afford 
and the most recent determination of the the basis for replacement if ever required, 

kilogramme in terms of the cubic decimetre of § (7) The Standards ok Lknctii. (i.) 

water shows it to be in error 1 by only 2-7 parts British. - The Imperial Standard Yard is fully 
in 100,000. Such results, for the time at ! defined and described in the First Schedule, 
which they were made, must be attributed in ! Part I., of the Weights and Measures Act, 
sonve degree to good fortune, as well as to the [ 1878 (41 &■ 42 Viet. e. 49). 

skill and care of those 2 concerned on the work. | “ The imperial standard for determining the 

The metric system thus originated as a ' length of the imperial standard yard is a solid 
national system of weights and measures in 1 square bar, thirty-eight inches long and one 
France, and, represented by the two standards square inch in transverse section, tic* bar being 
just mentioned, remained as such until 1889. of bronze or gun-metal : near to each end a 
Representations made in 1867 and I860 by the j cylindrical hole is sunk (the distance between 
Conference of the Geodetic Association, and by the centres of the two holes being thirty-six 
the Academy of Science of St. Petersburg, led inches) to the depth of half an inch, at the 
to the appointment in 1870 of an International bottom of this hole is inserted in a smaller 
Metric Commission, which in 1872 reported in hole a gold plug or pin, about one-tenth of an 
favour of replacing the French metric standards inch in diameter, and upon the surface of this 
by new international standards which should ; pin there arc cut three line lines at intervals 
preserve as closely' as possible the values of the , of about one-hundredth part of an inch trans¬ 
standards of the Archives of France, and of : verse to the axis of the bar, and two lines at 
the formation of an International Bureau of nearly' the same interval parallel to the axis 
Weights and Measures ; and at the same time of the bar : the measure of length of the 
made detailed proposals as to the character of imperial standard yard is given by the interval 
the new standards and the methods to be j between the middle transversal line at one end 
adopted in preparing them. In 1875 effect was and the middle transversal line at the other- 
given to these proposals by the signature at i end, the part, of each line which is employed 
Paris of the “ Convention du Metre,” by which being the point midway between the longi- 
the governments of the various contracting tudinal lines, and the said points are in this 
States undertake to maintain at common Act referred to as the centres of the said gold 
expense a permanent International Bureau for , plugs or pins ; and such bar is marked 
the purposes mentioned. This Bureau, known i ‘copper 16 o/.s., tin 2h, zinc 1. Mr. Bailv’s 
as the Bureau International des Poids et ' 


Mesures, is actually housed at the Pavilion de 
Breteuil, Sevres, near Paris, and is controlled 
by an International Committee, acting under 
the general instructions of a General Confer¬ 
ence, which meets once in six years. The 




present. Director is Dr. (Ti. Ed. Guillaume, who, 
with his predecessor, Dr. Rene Benoit, was 
very largely concerned in the work of preparing 
the new international and national metric 
standards. 

The new international prototype standards 
were completed in the year 1882, and after 
elaborate comparisons were both declared | 
identical , within the limits of error of the ; 
measurements, with the original standards of j 

1 Sim* “ Volume, Measurement of,” §$ (1). (2). j 
3 JJorihi, Lofevre-Ciiueau, ami Kabbroni. 1 



J ' I Enlarged plan of gold 

plug showing lines 

Km. l. 

metal. No. 1 standard yard at 62-00° Fahren¬ 
heit. Gast in 1845. Troughton & Simms, 
London ’ ” (Fig. 1). 4 

The object of sinking the graduations below 
the surface of the bar is twofold. In the first 
place it serves to protect them from accidental 
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damage. But a more important consideration 
is tins : if the graduations are carried on the 
upper surface of the bar, then, as was first 
pointed out by ('apt. Kater, any flexure, of the 
bar due to its own weight will produce a 
contraction or elongation of its fibres, except 
in the plain* of the neutral axis of the bar, 
■which may vary according to the mode of 
support.^ By bringing the graduations into 
the neutral plane this source of uncertainty is 
eliminated. 

There is, however, still the possibility of a 
slight error due to the elasticity of the b&r, 
since, when supported in any determined 
manner, the neutral axis will itself be slightly 
curved, and there will, therefore, be a very 
small difference between the length of the bar 
when placed on its supports and when in the 
free condition. To minimise this effect as far 
as possible a special lever frame is provided 
for supporting the imperial standard yard or 
its copies during measurement, so that the 
weight of the bar is equally distributed over 
eight rollers, diagrammaticallv thus : 

... ■ V//V . V7 7 /7 77 7 7 
[’10. 2. 

Sir (J. 1». Airy 1 calculated the best distance • 
apart for any number of equally spaced 
supports to be ,i 


./■ a_ 


1 


where <i is the total length of the bar (supposed 
of uniform section), and ii the number of 
supports. In the ease of the imperial standard 
a 38", n ~ 8, so that o -38/ 0)3 4-70". 

(ii.) Metric.. —The international prototype 
metre is defined as the distance, at 0° ('., ' 
between the centre portions of two lines 
graduated on the polished 
r~ t * m/m ~ "j surface of a bar of pure 
platinum-irhyum alloy (10 , 
per cent, iridium) of 102 ; 
cm. total length, and of \ 
cross-section as Fbj. 3. The j 
graduations are on the j 
upper surface of the web, j 
FiG. 3. which contains the neutral 

axis of*thc bar. This form | 
of section was devised by G. TYesea, and pre¬ 
sents two advantages. Firstly, being uniform | 
throughout, the length of the bar, it permits of i 
the whole length of the. barVing graduated— 
for example, in millimetres—and secondly, it 
gives very great rigidity for the amount of 
metal employed, which was a consideration 
when over forty similar bars were required 

1 Phil. Trans., 1857, pt. ill. i>. 17. 



of such an expensive material as platinum- 
iridium. 

The material, platinum-iridium, was pro¬ 
posed by 1 If St. (Haire-Deville, and was ex¬ 
pected to prove extremely stable as regards 
secular change—a prediction which, so far as 
the evidence available enables an opinuyi to 
be formed, appears to have been admirably 
fulfill**!. 2 F has the further advantages of 
being mard, ino.xidisable, taking a high polish, 
and hiPiuig a comparatively low coefficient of 
thermal expansion (8-05T -MMMBT 2 ) < 10 °. 

The metre standard, when in use, is sup¬ 
ported on only two supports, which, according 
to Airy's formula, should therefore he spaced 
at 102/ \ 3 - 58-9 cm. apart. Bruch, 3 starting 
from a slightly different standpoint, found the 
value 57 0 cm., which is the distance actually 
employed. Airy’s calculation is based on 
bringing the graduated surface of the bat at 
both ends into exactly the same (horizontal) 
plain*, while Broeh’s is based on making the 
distance apart of the graduation murks at the 
ends a maximum, and consequently independ¬ 
ent of slight variations in setting of the 
supports. It can be shown 1 that variations 
within the limits of the two formulae have no 
influence on the measurements comparable 
with the accuracy ordinarily obtainable in the 
final results. It is customary now to make 
use of the two-point, method of support for 
line standard work generally, Airy’s formula, 
however, being mostly employed. « 

§ (S) Tin: {Standards of Mass, (i.) Ilritis/i. 
—The fundamental standard of the British 
Imperial System is the pound avoirdupois, 
which is defined as the mass of a certain 
cylinder of pure platinum, about 1 -3.1 inches 
high and 115 inches in diameter, with a groove, 
round it about 034 inch from tin* top for 
insertion of the prongs of an 
it’ory fork by which it is to he 
lifted, and with all edges care¬ 
fully rounded off, marked " J*.S. 

1844. 1 lb.,” and now pre¬ 
served at the Standards De¬ 
partment of the Board of_ 

Trade, 0 Old Palace Yard, kio. 4. 
Westminster (Fe/. 4). 

The present imperial standard pound was 
prepared, not from a previously existing 
avoirdupois standard, but from certain 
authenticated copies of the old brass trov 
pound of 1758, which, up to the time of its 
rlest ruction by fire in 1834, occupied the 
position of principal standard. 5 

■i The most, remit-report, of the Bureau International 
indicates some very slight unexplained variations in 
tin* relative lengths of certain of the national copy 

metres recently recompared. 

3 Tramus et Mt’mvim da Bureau International, \il, 
B 62. 

* (liree, I’rue. Vhus. Soe.. 1901, xvid. :>!M. 

«• II. W. Miller, Phil. Trans.. 1856, exlvi. 
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As with the yard, Parliamentary copies I 
of the impe rial standard pound have been j 
deposited at the Royal Mint, at the Royal j 
Observatory, (Ircenwich, and with the Royal j 
Society, and one immured in the New Palace, j 
Westminster. The Act legalising the use of , 
this standard proceeds : ; 

" The said weight . . . shall be the legal : 
and genuine Standard Measure of AVeiglP, and ! 
shall be and bo denominated the lt/lperial | 
Standard Pound Avoirdupois, and filiall be j 
deemed to be the only Standard Measure of j 
Weight from which all other Weights and other 
Measures having Referenee to Weight shall he 
derived, computed and ascertained, and One 
equal Seven Thousandth Part of such Pound ' 
Avoirdupois shall be a drain, and Five j 
Thousand, seven hundred and sixty such 
drains shall be, and lx: deemed to be, a Pound 
Troy. '* 

“ If at any Time hereafter the said Imperial 
Standard Pound Avoirdupois bo lost, or in 
any Manner destroyed, defaced, or otherwise I 
injured, the Commissioners of Her Majesty's i 
Treasury may eause the same to he restored by j 
Referenee. to or Adoption of any of the Copies 
so deposited as aforesaid, or such of them as , 
may remain available for that Purpose.’’ 

The relation between avoirdupois and troy , 
weight was not altered by the introduction of i 
the new standard, but from this date tlio 
former beeame the primary standard, and the i 
latter a derived standard, instead of rice versa, 
as was formerly the case. 

In the work of reproducing the standard a j 
number of weights (two of platinum and six of ‘ 
brass) were available, the weights of which in , 
air had all been very accurately compared 
with that of the old standard before its loss. 
These weights were ro-coinpared in 1844, and : 
it appeared evident that the brass weights had j 
gained in mass, as compared with the twft I 
platinum ones, whose relative values had 
remained unchanged, by amounts varying J 
from 0 009 to 0-029 of a grain. It was found 
possible, however, by the aid of all the observa- j 
tions available, to re-establish the weight of 
the standard in air to an accuracy of about 
0 001 or 0*002 grain (say 1 part in 5,000,000). 
Unfortunately, no record was to he found of 
any determination of the volume or density of ! 
the lost standard, and although four other troy 
pounds were available which had been struck 
with it in 1758, their densities were found to 
vary considerably (from 8*15 to 8*40). It was 
assumed, for reasons not very convincing and 
too long for description here, that the smaller | 
value was more probable for the density of the ; 
lost weight, and the new standard was con¬ 
structed on this assumption. The air-buoy¬ 
ancy correction being roughly 0-0012/A, it will 
be seen that a variation of A from 8* 15 to 8-4 
represents a possible uncertainty in the repro¬ 


duction of the mass of the standard of 4 paits 
in 1,000,000— i.c. twenty times the uncertainty 
of reproduction of the weight in air. It is 
probable that the mass was reproduced more 
exactly than this, but it is not possible to say 
so definitely. 

Copies of the new standard were sent to the 
principal countries of the world, including the 
United States of America, in which the British 
System of Weights and Measures is still tho 
legal standard. 1 

(ii.) Metric .—The primary standard of mass 
on the metric system is the international 
prototype kilogramme, which is a simple 
cylinder of platinum-iridium alloy (10 per 
cent iridium, density 21*55148), of approxi¬ 
mately equal height and diameter, deposited at 
the Bureau International des Poids ct Mcsures, 
Sevres. It was found iden¬ 
tical in mass, within the 
limits of observational 
error, with its predecessor, 
the “ kilogramme des Ar¬ 
chives” of France (b'iy. 5). 

Two copies of it are [ire- 
served for use as secondary 
standards, while further 
copies have been distributed 
for use as national standards to the various 
States signatory to the Convention du Metre. 
All these copies are in agreement with tho 
prototype within 1 mg. (1 part in 10°), and 
have had their deviations from it determined 
to an accuracy probably better than 0-01 mg. 
(1 part in It) 8 ). 

§ (9) Subsidiary and Dbluvkd Units.—- 
For many purposes the units delinod by tho 
actual standards are not of convenient mag¬ 
nitude, and other units, cither multiples 
or submultiples of the standard units, are 
commonly employed. In the Fnglish system 
we have the inch, the foot, and the mile, all 
at least as widely used as the yard, while as 
regards the metric units we have the C.U.S. 
(centimetre, gramme, second) system of almost 
universal application in seientilie computations. 

The following table shows the relations of 
tho British units of length : 

2] inches -- ,9 yard —I nail. 

12 inches —1 foot. 

3 foot —I yard. 

6 feet —2 yards — 1 fathom. 

. r >£ yards - I rod, pole, or perch. 

4 rodfi -1 chain. 

10 chains ~ l furlong. 

8 furlongs — 1 mile. 

The units of area commonly employed are 
the square inch, square foot, and square yard, 

1 U.8. legislation refers to British standards of 
the time at which it. was enacted, some of which have 
been amended since. The U.S. gallon, for example, 
is the old gallon of Queen Anne, and (lilfers from the 
present imperial standard gallon In the ratio 0*8325 :1 # 
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but for land measure a special unit—the acre 
—is used. This is defined as a rectangle 
4 rods wide by 1 furlong in length, and a 
special unit of length, known as the “ chain,” 
is used in land surveying. The chain is one- 
tenth of a furlong ((Wj ft.) in length, and is 
usually divided into UK) links,” each 0-G(» ft. 
long. 'Plie acre equals 10 square chains. One 
quarter acre equals one rood. 

The corresponding table for tho British 
imperial units of mass is as follows : 

Avoirdupois Wright ^ 

10 drams 1 ounce (*>•/..). 

10 <unices ---1 pound (lb.). 

14 pounds — 1 stone. 

100 pounds - l cental. 

H stones —112 lbs. — 1 hundred weight (cwt..). 
20 hundredweight* — l ton. 

Tho term “ quarter,” of 2 stones, should not be 
used in Ibis connection, as it is the name of a legal 
measure of capacity. 

In addition to the above, the “grain” is defined i 
by the. relation 7000 grains-- 1 lb. avoirdupois, and j 
from this troy weigh!, legal only for weighing gold, 
silver, and precious stom*s, is derived as follows: 

24 grains — 1 pennyweight (dwt.). 

20 dwts. ISO grains-^ 1 ounce (troy). 

The troy pound (--12 trov ounces) is no longer a 
legal standard, and the troy ounce is now legally 
divided decimally. 

The ounce of 480 grains is also legal for the retail 
sale of drugs, but for this purpose is differently 
subdivided (apothecaries’ weight) as under: 

20 grains 1 scruple. 

3 scruples - I draclun. 

8 drachms 1 ounce. 

The metric, system of multiples and sub- 
multiples is very much simpler, the factor in 
every ease being 10, and the various subsidiary 
units being systematically named in such a 
fashion as to indicate immediately to which 
decimal place they correspond. The tvo 
series are as follows : 

1 kilometre (km.) =■ 1000 metres (m.). 

1 hectometre — 100 „ 

1 decametre —• 10 „ 

1 decimetre (dm.) — 01 „ 

1 centimetre (cm.) — 0 01 „ 

l millimetre (mm.) - 0 001 „ 

witli the still further special units 

1 micron (p) m — 10" 6 metre. 

1 Angstrom unit (used in spectroscopy)- 10" 10 metre. 

J megametre (used in astronomy) -= 10® metres. 

and • 


1 kilogramme (kg.) 

-1000 grammes (g.). 

1 hectogram mo 

100 

1 decagramme 

-r 10 

1 decigramme ^ 

- 01 „ 

1 centigramme 

- 0 01 „ 

1 milligramme (mg.) 

- 0 001 „ 


i Areas are mostly expressed in square milli¬ 
metres, centimetres, or metres. For land 
I measure the “ arc ” (100 sq. in.) and “ hectare ” 

: (100 arcs) aijjp employed. 

1 * On both the English and metric systems 
j s]>ecial units of cnjKteity are used, in addition 
to the cubic inch, foot, millimetre, centimetre, 
decimetre, etc.., which are the correct theoretical 
units of volume. In each case flic special unit 
is dei.V'd by reference to the density of pure 
water.! 

On tile English system the gallon is defined 
as the volume of pure distilled water which, 
when weighs d in air against brass weights, 
both water and air being at 02° F. and the 
barometric, pressure 30 inches of mercury, 
weighs 10 imperial pounds. This definition 
is incomplete in so far as it does not specify 
the density of the brass weights, or the 
humidity, etc., of the air. The table, of 
capacities is as follows : 

4 gills ^ 1 pint. 

2 pints I quart. 

• 4 quarts - 1 gallon. 

2 gallons 1 peck. 

4 pocks - -1 bushel. 

8 bushels -1 quarter. 

3<* bushels — I ehaklnm. 

Vessels constructed in accordance with this table 
are used 4 for both drv and liquid measure, the 
smallest legal unit for drv measure being the half¬ 
pint, and the largest for liquid measure the 
gallon. 

In addition there is the apothecaries’ fluid measure, 
corresponding to the apothecaries’ measure of weight 
aa under: 

(50 minims - 1 fluid drachm. 

8 lluid drachms-1 fluid ounce. 

20 fluid ounces =■- I pint. 

Comparing this table with the preceding one it will 
be seen that there are 8 pints, and therefore 100 fluid 
ounces, in a gallon. Coder the conditions of its 
| definition the gallon weighs 10 pounds, so that lb 
fluid ounces of pure distilled water, under these 
conditions, would weigh 1 pound. Thus, apart 
from the checks of air buoyancy on the weighings, 
the ounce of apothecaries’ Jtuid maimin' corresponds 
to the ounce avoirdupois, whereas, as we have seen, 
the ounce of apothecaries’ weight corresponds to 
the ounce troy —a curious anomaly. 

Ou the. metric system the unit of capacity 
is tile u litre,” defined as the volume occupied 
by l kilogramme of pure distilled water at its 
temperature of maximum density (4 ('.) 

when under an atmospheric pressure of 7(50 
mm. of mercury. As the result of an extremely 
careful atid elaborate investigation carried out 
at the Bureau International 1 the volume of 
the litre was found to be 1 000027 cubic deci¬ 
metres, a result which is probably correct 
within one part in 10°. 

1 Trav. rt Memoirm, 11)10, tome xiv. 
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Tho metric table of capacity is then: 

Hectolitre = KM) litres (1.). 

Decalitre -= 10 ,, 

Decilitre — 0 1 ,, ( , 

Centilitre (MU „ 

Millilitre (ml.) — O-UOl ., 

IV. Control of Weights and Measures 

USED IN TllADE A 

§ (10) The Testing Authorities.-; f(n the 
United Kingdom, under the Weights and 

Meastires Acts, all weights, measures, and 
weighing instruments used for trade must he 
verified ami stamped by an Inspector of 

Weights and Measures. A fee is charged on 
the original verification and stamping of a 
weight, measure, or weighing instrument, and 
whenever it is presented for re-stamping. 
Weights, measures, and weighing instruments 
are also subject, to periodical verification on 
annual inspection, for which no charge is 
made. The inspectors are appointed by the 
local authorities (County Councils or Town 
Councils). In Ireland, except in the Dublin 
townships, members of the Royal Irish Con¬ 
stabulary used to act as ex-officio inspectors of 
weights and measures. Every inspector before 
appointment must hold a certificate of qualifi¬ 
cation granted by the Board of Trade on the 
result of an examination. The local authorities 
are required to provide their inspectors with 
local standards sufficient for the needs of 
their districts, and with a suitable office and < 
instrumental equipment. The local stain lards 
must, be verified by the Board of Trade, and 
re-verified every five years in the ease of 
weights and every ten years in the case of 
measures, either by the Board of Trade, or 
by the inspector himself in the presence of 
a Justice of the Peace, by comparison with 
other local standards which have themselves 
been verified or re-verified within the pre¬ 
scribed period. Local standards which have 
been adjusted must in all eases be re-verified 
by the Board of Trade. 

§(11) Legal Denominations of Weights 
and Measures. —In order to avoid the facilita¬ 
tion of fraud, only weights and measures of cer¬ 
tain specified ‘‘ denominations " are permitted 
to be used in trade, but. when it is proved to the 
satisfaction of the Board of Trade that any 
new denomination of weight or measure is 
reasonably required in trade, the Board may 
cause to be made, and legalised by Order in 
Council, anew standard of that denomination. 
The principal legal denominations at the 
present time are listed, with their equivalents, 
in § (0). 

Since the year 1897—under the provisions 
of the Weights and Measures (Metric System) 
Act, 1897—the use of the Metric System has 
been legal in the United Kingdom for all 


purposes of trade. Metric denominations of 
weights and measures were legalised by an 
| Order in Council dated 19th May 1898 (S.R. 

and O., No. 410 of 1898). and by an Order in 
j Council of the same date (S.R. and 0., No. 411 
: of 1898) tables of equivalents of imperial 
{ weights and measures in terms of the metric 
! system were duly issued. By an Order in 
Council dated 14th October 19111 (S.R. and ()., 
No. 1118 of 1919), new denominations of 
I weight of the Metric Carat of 200 mg. and 
its multiples and sub-multiples were also 
authorised for use in trade. 

In order to prevent confusion metric weights 
intended for use in trade must be of distinct ive 
■ external form. The requirements with respect 
| to the permissible denominations, form and 
material of construction, errors tolerated on 
I verification and on inspection, methods of 
i stamping, etc., as regards measures of length, 
i measures of capacity for liquids, measures of 
! capacity for dry goods, weights and weighing 
j instruments, are set out in the Weights and 
; Measures Regulations, 1907, which also include 
: a series of instructions to inspectors as to the 
manner in which their various duties should 
! be performed. 

I § (12) Regulations as to Inspection.— 
1 Although all sales marie according to weight 
! or measure must he made in terms of Imperial 
! or metric weights or measures, it is not 
obligatory for commodities to be sold only by 
weight or measure, except bread and coal, 
which must be sold by weight, and intoxicat ing 
liquor sold in quantities not less than £-pint 
(1 pint in Scotland) and not in casks or bottles, 
which must bo sold by measure. The regula¬ 
tions with respect, to the inspection, verifica¬ 
tion, and stain]>ing of weights, measures, and 
weighing instruments are made by the Board 
of Trade and are the same throughout the 
United Kingdom. The local authorities are 
empowered to make by-laws for regulating 
the sale of coal in quantities not exceeding 
2 ewt. in their respective districts, but these 
by-laws have first to be approved by the 
Board of Trade ; they are in general different, 
in different districts, and there is no model 
or prescribed code of by-laws. 

Weights and measures must Ik. marked with 
their denomination before t hey can be stamped 
by an inspector of weights and measures ; 
and weighing instruments with their capacity, 
i.e. the maximum load they are intended to 
weigh. Traders can in general use whatever 
weights measures, or weighing instruments 
they choose, provided that these are stamped 
, by an inspector of weights and measures; 
• but weighing instruments for use in certain 
special trades specified in thf regulations, 
, e,.(f. dealers in precious metals or precious 
stones, jewellers, retail chemists, silk mer¬ 
chants, retail dealers in tea, coffee or tobacco, 
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must satisfy certain specially prescribed re¬ 
quirements. 

Thcro are no special regulations with respect 
to the importation of weights and measures, 
but all weights, measures, and weighing in¬ 
struments imported from abroad are required 
to be verified and stamped in the United 
Kingdom before they can be used for trade in 
this country, whether they were stamped in 
their country of origin or not . 

Under Section 6, the Weights and Measures 
Act 1904, the Hoard of Trade have power to 
grant certificates of approval for patterns *>f 
weights, measures, weighing or measuring 
instruments, etc., which are submitted for 
examination and are found not to facilitate 
the perpetration of fraud. If the Board 
decline to give such certificate, no weight, etc., 
of such pattern shall be deemed legal and no 
inspector shall verify and stamp it for use in 
trade. 

It will be noticed that measuring instru¬ 
ments are included aiming the instruments 
which may be submitted under this clause. 
Measuring instruments arc, however, in an 
anomalous position, since although the Board 
of Trade have power to make regulations with 
respect to their verification and stamping, 
and to examine them under Section (>, thero 
is no statutory provision prescribing that 
measuring instruments used for trade must 
be verified and stamped bv an inspector of 
weights and measures. This obligation can, 
however, bo imposed as necessity arises in 
particular cases by special legislation, as in the 
recent- ease of leat her measuring instruments. 

§ (IB) Board of Trade Standards.- The 
standards used by the Board of Trade for the 
purpose of verifying or re-verifying local 
standards are called “ Board of Trade 
standards.’' A weight or measure used for 
trade must be verified by the inspector by 
comparison with his local standard of the 
same denomination, and as the inspectors’ 
local standards are all of the denomination 
of some Board of Trade standard, it follows 
that weights ami measures whicji are not of 
the denomination of a Board of Trade standard 
cannot be stamped by an inspector of weights 
and measures for use for trade. The Board 
of Trade* standards must be re-verified every 
livo years. 

The standards by comparison with which 
the Board of Trade standards of imperial 
denomination (i.e. not metric)* are verified 
and re-verified* are the Parliamentary Copies 
of the Imperial Standards of the Yard and 
Pound. The national metric # standards of the 
United Kingdom, corresponding to the Imperial 
Standards, are # the iridio-platinum line Metre 
No. 10 and the iridio-platinum Kilogram No. 
18, obtained from the International Bureau of 
Weights and Measures ; these are deposited 


at the Standards Department, and the Board 
of Trade standards of metric measure and 
weight are based on them and re-verified every 
five years b^ comparison with them. Thero 
jft'c no “Parliamentary Copies" of metric 
standards. The Board of Trade standard 
measures of capacity arc based on the (billon 
and the Litre respectively; these arc defined 
by the weights of water contained in them 
under Viocificd conditions. 

BoaiJI. of Trade standards are provided of nil 
the legal denominations listed in § (9), and 
also for the industrial standards given in § (22). 


V. Comparison of British and Metric 
Systems 


I § (14) Advantages ok the Metric System. 
j —The following advantages are claimed by 
the adherents of this system : , 

(a) That the definition of tin* standard of 
length by means of a measurement taken at 
the melting-point of ice renders the standard 
| independent of errors in the temperature scale, 
' and is therefore intrinsically more, reliable 
! than a definition at 92" V. which involves 
: thermometric measurements. 

(I>) That the material of construction of the 
| British standard has not proved completely 
! stable, and that there is therefore a doubt as 
! to the permanence of the standard, and 
J whether it still represents accurately its 
i original value. 

• (<•) That the true kilogramme being (approxi¬ 
mately) the mass of a cubic decimetre of 
i distilled water at its temperature of maximum 
density affords a logical basis for the unit of 
mass, and one which is of great convenience 
in chemical computations, 
j (d) That the multiplicity of subsidiary 
. standards, and the variability of the factors 
employed on the British system for forming 
! multiples and sub-multiples of standards, are 
- highly inconvenient, and constitute an un- 
; necessary educational stumbling-block, eon- 
■ trusted with which the employment of the 
decimal scale of multiples and sub-multiples 
i greatly facilitates computations of all kinds. 

(e) That the system has received inter¬ 
national sanction, is already legally obligatory 
in many countries, and optionally legal in 
many others, and therefore forms a proper 
basis for an eventual world system of standards. 

With regard to these arguments in turn, the 
following remarks may be made : 

(a) It is perfectly true that there is uncer¬ 
tainty as to the exact temperature at which 
Jthe imperial standard yard was originally 
defined, owing to the variability of mercury- 
in-glass thermometers. 

The thermometers employed were most 
carefully studied by Sheepshanks, who had 
• charge of the work until his death in 1855. 
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But somo of these thermometers, which have 
been preserved, are now found to differ 
amongst themselves by as much as i 0°*3 F. 1 
corresponding to a possible 'Variation of 
i. 0-0001 inch in the length of the yard. It 
should be observed, however, that this is 
not a defect in the British standard us it 
exists now. It is precisely one of those cases 
in which gradually improving methods of 
observation permit improving preci/ton of 
definition, within tl: : limits of /on/irfl uncer¬ 
tainty. The original uncertainty was inherent 
in the best known methods of the time when 
the standard wa< prepared, and-the accuracy 
attained may fairly be said to have been as 
high as possible at that date. There is nowa¬ 
days no difficulty in repeating measurements 
of temperature in the neighbourhood of G2° F. 
on the hydrogen (or, in conformity with the 
must recent decisions of the International 
Conference, on the absolute thermodynamic) 
scale of temperature to an accuracy corre¬ 
sponding to the requirements made. The 
difficulty lies rather in being sure that the 
temperature recorded is actually that of the 
bar being measured. Moreover, in actual 
practice, measurements are net made at the. 
melt iny-point of ice, but at temperatures close 
to this, s<* that the uncertainty of thermo- 
metric measurement is not eliminated, but is 
somewhat reduced by the fact that the 
thermometers employed are used only over a 
small region of their scales, in the immediate 
neighbourhood of the fundamental point* 
whereby the possible errors of their calibration • 
are minimised. 

(h) There appears to be some reason for 
suspecting that this defect actually exists, 
and tin* Standards Department of the Board 
of Trade, admitting this possibility, have had j 
made a new copy of the imperial standard, 
in platinum-iridium, of X section, similar to j 
that of the metric standards. Variations have l 
been found between the, results of various i 
periodical comparisons of the Parliamentary 
copies of the yard, in no ease exceeding j 
i-0-000L inch. A study of the results does 
not however seem to indicate any definite 
directional changes, and it remains to he '■ 
seen from the results of further ini ercom pari - 
sons in which the new platinum-iridium copy i 
will he included, whether the variations so far 
observed are real, or due to observational 
errors. In the meantime the imperial standard ! 
yard remains the legal standard, and its ! 
variations, if any, do carry with them actual ! 
variations in the standard. 

{c) This consideration is clearly one of., 
scientific interest only, and from this point : 
of view the (almost inevitable) failure to carry j 

1 Memorandum on the Construction and Verified- ! 
tion of a new Copt/ of the Imperial Standard Yard, ! 
pt. 1. H.M. Stationery Office, 1905. I 


I out exactly the intention lias led to the 
| introduction of an anomalous measure of 
| capacity—the litre—into the metric system. 

| The litre, defined as the volumo occupied by 
one kilogramme of pure distilled water at its 
! temperature of maximum dertsity (4° C.), 
j differs from the true measure of capacity, the 
cubic decimetre, by 27 parts in 1 , 000 , 000 . 
This amount is too small to he of importance 
in the ordinary operations of chemical analysis, 
and the system accordingly has its practical 
utility. But the appeal to logic fails. 

r fd) This argument undoubtedly has weight. 
But it should he realised that it is a collateral 
advantage of the metric system rather than 
an inherent merit of the metric standards 
themselves. This distinction is often lost 
sight of in controversial statements on this 
subject. It is, in fact, perfectly possible to 
use the decimal system of subdivision in 
connection with any system of standards, 
and this is now commonly done, for example, 
in British engineering practice, where the 
inch is subdivided into tenths, hundredths, 
thousandths, etc., instead of into halves, 
quarters, eighths, and so on ; on the other 
hand, it must also he remembered that while 
the decimal system, owing to the accepted 
use of the decimal notation in arithmetic, 
is a decided convenience in computation, the 
inability to divide by any integer between 
2 and .'> without introducing a further decimal 
place or places in the result is often a distinct 
disadvantage in practical design. This is 
noticeable, for example, in eases where tlio 
value of the new digits introduced is such as 
to lead from the region of practical workshop 
measurement to something unattainable by 
ordinary workshop means. 

It is undoubtedly unfortunate that the 
historical development of the British system 
has left it with a confused schedule of multiple 
and subdivisional units. The ideal system of 
subdivision is probably that incorporated in the 
division of the hour, or of the degree of angle, 
into minutes and seconds, the factor GO Vicing 
divisible by ijll the elementary numbers 2. 3, 4, 
5, and G. The next best, probably, would be 
the duodecimal system, into multiples of 12, 
each divisible into 2, 3, 4, or G and to a con¬ 
siderable extent this system is already to be 
found incorporated in t he British measures— e.y. 
12 inches 1 foot, 12 pence — 1 shilling, 24grains 
— I dwt. (troy). It would not he impossible to 
extend this scheme of division throughout 
the British system, and with a duodecimal 
notation in arithmetic such a scheme would 
be extremely convenient, though this proposal 
is hardly within the scope of practical politics. 

As regards the practical utijjty of the two 
standards, there is probably nothing to choose 
so far as the larger •measurements are con*.', 
corned, hut where workshop processes ar^l 




METROLOGY 


593 


involved, controlled generally by the use of a 
micrometer, the ten - thousandth of the inch 
is a practical limit of accuracy, while the 
hundredth of the millimetre, though amply 
sufficient for many purposes, is not quite 
adequate for others, and the thousandth of 
the millimetre is too small for measurement 
by the means usually available. 

(e) This is the only argument which in the 
writer’s opinion would he of sufficient import¬ 
ance to justify the attempt to substitute the 
metric system universally, in place of the 
British system, in countries where the latter 
at present prevails. It must be observed, 
however, that old measures die hard, since 
the general public, which has no scientific 
interest, in the matter, is not readily made 
accustomed to a new order of things, while 
the industrial world is very deeply committed 
iti tin* nature of its equipment, and by the 
necessity of providing interchangeable spare 
parts for goods already produced, to the 
system on which its organisation has been 
developed. The British system is probably 
more deeply rooted, owing to its antiquity, 
than any other, and is of the most widespread 
application. Kven in France, the home of 
the met ric system, where it has now for many 
years been the only legal standard, traces of 
the old Frenih measures are (or were until 
recently) still to he found in use, being trans¬ 
lated solely for purposes of sale into the legal 
units. It may be taken as certain that no 
kind of legal compulsion would be. sufficient 
to effect tin* substitution of flu* metric for the 
British system against (he wishes of the 
peoples using the latter. The only practical 
policy, and that which has actually been 
followed, is to give legal sanction to the 
(illerimtiir. use of the metric system, and to 
trust- to the processes of time to effect a 
gradual change. The efforts of those who 
desire to see the metric system in universal use 
would be. more usefully employed in endeav¬ 
ouring to encourage and facilitate its voluntary 
adoption in this way, than in seeking to secure 
legal compulsion in advance of public desire. 

§ (15) ('on vicuM ton Fu tous. (i.) British. 
—Careful intercomparisons have been made 
of the Imperial and Metric standards, with the 
following results : 1 

1 metre 39 370113 inches, 
t kilogramme -- 2 2046227 lbs. (avoirdupois). 

• 

1 These figures have been given legal sanction. 
Order in Council. May ID. 180S. In Vol. T. p. 080 of 
fids Dictionary a slightly different, scries of values is 
given for these equivalents. The figures were taken 
from the Cooipulrr’s Handbook, issued by the Meteoro¬ 
logical Office in 1921, and are based on the ratio 
ljnctre —39-37008 inches. 

This is equivalent to 

1 inch - 2 &300000 cm.. 

or 1 inch -2-71 cm. correct to 1 part, in 27.000,000. 
This ratio. ! inch-=‘2-54 cm., has been adopted in 


From these the following relations may he 
obtained by direct calculation : 

1 inc h ^ ‘25-399978 mm. 

1 foot # - 30 479973 cm. 

] yard — 0 9143992 m. 

1 square inch -- ti-171789 sq. cm. 

1 square foot - 9-2902X8 sip dm 

1 square'yard =- 0-K30l2fi9sq.nl. 

1 cubic iiH* -- 10-38702 cu. cm. 

I <'^l>ic loot -28-31077 cu. dm. 

J ] Mind (avoirdupois) 
i .u(K) grains) — 0-47379243 kg. 

I ounce (avoirdupois) —28-34903 g. 

1 ounce .troy) (480 
grains) - 31-10348 g. 

1 grain -04-79892 mg. 

also 

1 metre - 3-280843 ft. -1 093014 yd. 

1 sq. metre- 10-70393 sq. ft. 

1 sq. cm. -- 0-1750000 sq. in. 

>eii. m. — 37-31470 c-u. ft. « 

1 cu. dm. —01 02390 on. in. 

The relationship between the gallon and the litre, 
owing to the complexity of their definitions and the 
slight ambiguity involved in the definition of the 
| gallon, cannot be determined with the same precision. 

\ It may perhaps best he arrived at thus. 

'.rile gallon weighs 10 lbs. when weighed in air 
against brass weights, at 02"' F.. under pressure 30 
inches mercury. In the official computation the 
density of the brass weight is assumed 2 as 6 - 8 143. 
Taking the density of air half saturated with water 
vapour, and containing normal content (0-04 per cent) 
of carbonic acid, under pressure 30" mercury ns 
<r 0-001217.7, and the density of water at 02‘ F. 
*(1(7 4)07 C.) as A — 9 998800 kilogrammes per litre, u 
the equation of weighing becomes 

K 1 1M 1 a) ll,s ' 

- t,-,:ci!)«:i(l — ^ kg., 

i where M is the mass of 1 gallon of water at the 
temper it lire of definition. 02 ' F. 

If (! be the volume of the gallon, then 

M (I >tIo) 

4-7379243 Mitres, 

A (A - it) 

whence, substituting the above values for tr, A, and 
5. we gel finally 

1 gallon -4-7459027 litres. 

Fngland as the basis lor meteorological comparisons, 
and leads to the value 

1 metre- 39-3700787 inches, 
or 39-37008 correct to about i part in 30.000,000. 
The British legal value as stated above is 39-370113 
inches, and hence we find 

1 inch-*2 7399978 cm., 

or 2-74 cm. correct to about 1 part in 1,000,000. The 
relation between the yard and metre lias recently been 
redetermined at, the National Physical Laboratory 
by a new method giving very high precision. The final 
result is not yet available, but a provisional value, 
1 metre - 39-370131 inches, has been obtained, which 
agrees within less than 1 part in 2,000,000 with the 
figure at present accepted. 

* Jinn/. Jirit., " Weights and Measures,” article by 
H. 8. Chaney, footnote. 

3 Chappuis, Trar. et Mthnaires, 1907, tome \lii 
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This figure differs slightly, owing no doubt 
to certain divergencies of assumption, from 
the legally accepted conversion, which is 

I gallon — 4*54596*11 litres. 

It should be remarked that since the litro 
itself has only with difficulty been determined 
in terms of the cubic decimetre to 1 part in 
10° and the definition of the gallon is srill less 
certain, the last two digits in the above/figures 
are without real significance, so that I le two 
values may be regarded as in agreement within 
the limits of the problem. 

(ii.) American .—Reverting to the considera¬ 
tion of the two fundamental conversion factors, 
the Cfiso of the standards of mass presents no 
difficulty. In respect of the length standards, 
however, it has been objected that the doubt 
as to the values of Sheepshanks’ thermometers 
renders the intended value of the ya;*d un¬ 
certain to 0 0001 inch, so that the last three 
digits in the conversion are worthless. The 
argument, as indicated above, has no real 
weight, since what is of importance rather 
the existing facts than the original intention. 
None the less, because of it the relationship 
has received legal sanction in America* in the 
form 1 metre —39*370000 inches. For this 
reason it is sometimes stated that the American 
inch differs from the British inch, but,.this does 
not appear to be the ease legally. The ancient 
standard of America—dating from the times 
of the earliest British settlement in that 
country—is the yard. And in 18f>8 the 
American Government was supplied by the 
British Government with copies, similar to 
the Parliamentary copies, of the new British 
Imperial Standards. There does not appear 
to have been any legal enactment in America 
relating to these standards, but the Act of 
Congress of 18f>(», which authorises the 
optional use of metric units, does so in the 
following terms : 

“ It shall he lawful throughout the United 
States of America to employ the weights and 
measures of the metric system. . . . The tables 
in the schedule annexed shall he recognised 
... as establishing in terms of the, weights 
and measures now in use in the United States, 
the equivalents of the weights and measures 
expressed therein in terms of the metric 
system. . . 

Then follows the table commencing 1 metre 
— 39-37 incFes. This clearly implies that the 
yard and inch remain unaltered, and presum¬ 
ably, though this is not stated, the yard 
of that period was in agreement with the 
British imperial yard, of which a copy not 
long before had been sent to America. 

In 1893 there was what is known as the 
Meudenhall order, quoted thus in Circular 
No. 47 of the Bureau of Standards, Washington: 
“The Office of Weights and Measures will in 


future regard the international prototype metro 
and kilogramme as fundamental standards, in 
accordance with the Act of July 28th, 18fi(5.” 

This order apparently has the effect of 
substituting the international metre for the 
yard as the principal standard of length in 
America, and in this ease it would have the 
effect of altering the value of the yard. The 
order is so interpreted by the Bureau of 
Standards, and inch standards based on tho 
certificates of that institution differ from our 
British inch to the extent that the factor 39-37 
differs from the legalised value 39-370113. 
But the fact that there has been no Act of 
Congress altering the Act of 1800, and the 
reference to this Act in the Mendenhall order, 
seem to show that there is no legal authority 
for the variation of the yard standard, and 
that it would he more strictly correct to say 
that it is the American metre which is slightly 
different from the international metre. The 
great hulk of industrial standards in America 
are undoubtedly based oil the original British 
inch. There is no doubt, however, that at 
the present time there is some ambiguity as 
to the actual position of the American 
standards, and the whole situation is an 
excellent illustration of the need for universal 
co-ordination. 

It should be remarked that while the actual 
primary standards, being material bars 
affected by temperature conditions, have to 
he brought to certain exact temperatures 
M)° C. and fi2' J F. respectively) in order to 
serve their function in defining the two 
fundamental units of length, these units 
themselves are absolute in character, and 
entirely independent of temperature. It is 
incorrect to speak of the standard as repre¬ 
senting the metre or yard except when at its 
appropriate temperature of definition. The 
ratio between the units is consequently a. 
pure, number, which, when once determined, is 
independent both of the standards themselves 
and of every other consideration. 

The ratio 1 metre — 39*370113 inches repre¬ 
sents the most accurate determination of this 
number so far made, and it is worth noticing 
that it gives rise to the very convenient 
relation 

1 inch —25'4 mm., 

which is accurate tojvithin 1 part in a million. 
This factor besides being numerically simple 
has one great value in the industrial problem 
of the transference from the British to tho 
metric system, since it enables screw* threads 
of metric pitches to be cut accurately on lathes 
with English lead screws, by the simple inter¬ 
position of a gear wheel of 127* teeth. It is 
unfortunate, therefore, that America should 
have adopted legally the ratio 1 metre—39*37 
inches, which, besides being less convenient, 
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differs from the best determined value by 
rather more than three times as much as the 
simple ratio 1 inch = 25*4 mm. 

VI. Industrial Metrology 

§ (16) Temperature of Adjustment for 
Industrial Standards. —This brings us to [ 
the consideration of another point of consider- ! 
able practical importance, which has been the , 
subject of much debate. We have seen that | 
the two primary length standards have | 
different, temperatures of definition, chosen 
for different reasons. The temperature of 
definition of the metre. (0° is designed to 
give the greatest scientific precision. That of 
the yard (62° F.) is intended to represent (and 
as far as (Beat Britain is concerned does fairly 
represent) a temperature of employment corre¬ 
sponding to the average conditions of use of 
industrial standards. Engineers’ scales and 
gauges in Imperial measure are therefore, 
ordinarily adjusted so as to be correct at 
02° F., i.c. so as to agree with the primary 
standard when both they and it are at this 
temperature. On the metric system, however, 
since it is impracticable to use workshop 
appliances at 0° (there is a certain ambiguity ; 
as to whether the industrial standards should 
he adjusted so as to be correct at the ordinary 
temperature of employment, or so us to agree 
with the primary standard when both arc at 
0° C. The latter procedure is that advocated 
by the orthodox metrieists, and is adopted to# 
some extent in France and Switzerland. But 
for the most part Continental and also 
American [tractice tends to the use of 20 1 
as the temperature of adjustment for metric | 
industrial standards. This is a somewhat 
higher temperature than 62" F., and its 
prevalence may lie accounted for, no doubt, j 
by the fact that American and Continental j 
factories are usually kept rather warmer than i 
English ones. 

It has to be noticed in the first place that 
the. use of 0° 0. as the temperature of adjust¬ 
ment for industrial metric standards leads to 
the inconvenience that such standards, if made , 
of varying materials, will not be mutually j 
consistent at the actual temperature of use. ' 
A brass scale, for instance, which agrees with 1 
a similar steel one at 0° will exceed it in ’ 
length by about U parts in 10,000 when both j 
are at 20° (!. This amount is just too great j 
to be neglected in modern workshop practice j 
of a fairly precise nature. Consequently, if j 
0° C. be accepted as the temperature of adjust- | 
ment for industrial standards, either tlm j 
material of which such standards are to be ! 
made must be sjioeified— an undesirable j 
limitation, and one liable possibly to hamper j 
progress -or else allowance must continually : 
be made for the coefficient of expansion of the i 


scales and gauges employed, which is a serious 
inconvenience in general engineering practice. 
It must be admitted, of course, that in certain 
eases— e.g, oi very fine precision work for 
scientific apparatus, or for parts of beat 
engines destined to function at temperatures 
widely remote from those at which they aro # 
made—allowance has in any case to be^uade 
for thermal expansion. But. such cases uro 
a sm 11 proportion only of all that are met, 
with n practice, and in this small class, at 
any late, the necessary calculations can be 
completed ill the drawing office and the 
allowances ,,hown on the drawings, so tint the 
workman is not affected. The variations of 
temperature ordinarily experienced in work¬ 
shops not, being excessive, it. follows that in 
the vast majority of work sufficient precision, 
will be obtained by the use of scales and 
gauges adjusted at the average temperature 
of use. And where a slightly higher precision 
is required the effects of temperature tluctua- 
tions can be further minimised if the scales 
or gauges employed are. made of materials 
having approximately the same coefficients 
of expansion as the parts they respectively 
control. If all the scales and gauges are then 
adjusted to some common temperature of use, 
the various parts, o.ven if of different materials, 
will then assemble and function correctly at 
such common temperature. There is thus a 
very strong ease for the universal adoption 
of some common temperature, corresponding 
to average workshop conditions rather than 
0° C'., us the temperature of adjustment for 
metric industrial standards, and it is to be 
hoped that international agreement on the 
subject may not be long deferred. 

With regard to the temperature to be chosen 
for this purpose, it would be an obvious 
convenience to the. user of the British imperial 
system if the mine, temperature ((>2'’ F.) could 
he taken in both cases, and tins would no 
doubt be a small factor assisting the gradual 
transition from the British to the metric 
system. But apart from this quite general 
consideration there is a practical factor of 
no less importance which bears on the case. 
We have seen that the conversion factor 
l inch -2o-4 mm. is eon vet. within 1 part in 
10®, and that this simple ratio has a real 
utility in the very important- problem of 
securing interchangeability of screw threads 
cut on lathes made according to the two 
systems. But this ratio is a pure number, 
representing the absolute relationship between 
the units, apart from the temperatures of 
definition. Consequently its direct employ¬ 
ment in workshop practice implies that both 
systems are supposed to he based on standards 
adjusted to he correct at the same common 
ternperature. And since the industrial standards 
of the imperial system are already adjusted 
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at the reasonable working temperature of 
62° F., while those of the metrie system are 
still the subject, of debate, it is very strongly 
indicated that universal agreement should be 
found on the adoption of G2 1 F. (1(H»7° 
as the common temperature of adjustment 
, for industrial standards on both systems. 

§ (* 7) Knoin anus’ Scalks ani> Ga reus, 
(i.) Preliminary. -The engineer’s seaje is 
ordinarily a comparatively thin strip of 
metal, usually steel, graduated fairly f^oldly 
in inches or centimetres, and subdivisions 
thereof. It is used only for relatively rough 
measurements. The vernier calliper, reading 
to 0*001 inch, is a somewhat more accurate 
application of line measurement to engineering 
practice, but even this accuracy is not high, 
and presents no difficulty in attainment. For 
precise measurement the engineer relies al¬ 
most exclusively on micrometers and gauges ; 
both representing forms of end-measurement. 

The importance of establishing standard 
gauges for engineering use was first realised 
and acted upon by the late Sir Joseph Whit¬ 
worth, who, in his workshops at Openshaw, 
Manchester, produced the first accurate surface 
planes, by the well-known method of scraping 
a set of three jJanes together until any two of 
them will touch each other all over. This lie 
followed by the introduction of the Wl/itworth 
measuring machine - really a large and 
specially constructed micrometer—using a 
gravity piece to improve the delicacy of the 
sense of contact, whereby measurements to 
an accuracy of 001)1 M)1 inch were made 
possible ; and of accurately made end gauges 
and cylindrical plug and ring gauges. Further, 
he collected dita relating to the proportions 
of the very heterogeneous screw threads 
prevalent in his day, and upon this data 
formulated the Whitworth series of screw 
threads, involving the standardisation, firstly, 
of the form of thread, and. secondly, of a series 
of suitably related pitches and diameters for 
general work. Finally, by establishing the 
manufacture of screw gauges and of accurate 
tools for the production of screw threads in 
accordance with his proposals, he gave them 
a practical form which has led in due course 
to the very extensive employment which they 
now enjoy. In all this work Whitworth was 
a pioneer, and its results were of inestimable 
value to the engineering industry, 

* (ii.) Limit, Oumjfs.- The system of gauging 
established by Whitworth was designed to 
secure interchangeability of pails by the 
process of making the work a good fit to the 
corresponding gauges. It left the quality of 
the fit obtained to the skill of the workman, ! 
and to this extent was incomplete. For 
example, suppose a 1 -inch shaft had to be 
made to fit a 1-inch hole. The 1-inch plug j 
and ring gauges, made to fit each other as 


| perfectly as possible, would be taken ; the 
J Hhaft would be made to pass the ring gauge, 
; and the hole to take the plug gauge, and it 
j would then he certain that the shaft would 
j enter the hole. But the nature of the lit of 
f he shaft in the hole would depend on how 
j closely the workman had made the two parts 
: to Jit their respective gauges. Different 
qualities of fit are naturally required for 
different purposes, and it is left to the skill 
of the workman, firstly, to judge how closely 
the parts should fit (he gauges, in order to 
seen ire a particular kind of lit in the product, 
and, secondly, to secure that in actual practice 
the fit of t he work to the gauges is in accordance 
with this judgment. Such a system is defective 
in t wo ways. In the first place, different work- 
i men do not aim at precisely the same results, 
and in the second place, having no definite 
limit of variation laid down, each man tends 
to spend far too long in getting the work as 
near as possible to what lie judges desirable. 
The aggregate of all resulting work may be 
just as variable as if a fairly generous 
“ tolerance ’’ had been allowed in the first 
place, but the cost, is much higher. 

The tendenev of all modern economical 
production is to decide in advance what 
difference of dimensions is needed between 
the parts in order to secure the desired quality 
of fit, and what limit, of variation can be 
allowed on either part individually without 
impairing its satisfactory functioning. Suppose, 
* for instance, that a 1-inch shaft were required 
to he a running fit in its hole. It might be 
decided that a clearance of not less than 0-001 
inch was necessary for lubrication, while a 
clearance greater than 0*002 inch would lead to 
too slack a fit. The total tolerance available 
is the difference between 0-001 inch and 0 002 
inch, which has to be distributed between the 
two parts. Suppose it -equally divided. Then 
we might have the following limits : 


For the hole 


For the shaft 


fiances. 

/ 1 OOOfi" “ Hbdi 1 ’ ** Not-(!o” \ 
\ 1 MKI" “ Low ” 

/ 0-9990" “ High ’ 

1 0-9985" “ Low ” 


* (Jo 


I 
! 

‘ Not Lo ” / 


(1‘lllpi). 


(Kings). 


All this should lie decided definitely in the 
drawing office, before actual construction of 
the parts is commenced, and the limits for 
each part should be shown on the drawing. 
When the workman comes to produce the 
parts, he is given a set of four gauges, two 
plugs for the hole, ;pid two rings for the shaft, 
jnarle as closely as possible to the sizes given 
above. Much gauges are called Limit GauffCff, 
since they are the material representations of 
the limits of error hetweep which the workman 
is required t> work. And in working to limit 
gauges all the workman has to do is to reduce 
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the shaft until it will readily enter the 0*990 
inch “ (In ” ring gauge, taking care »*nly that 
in 8o doing he does not overstep the mark and 
make it so small that the 0*9085 inch “ Nol- 
(Jo ” gauge will also pass. Provided he secures 
this result the work is within the limits which 
it is known will he satisfactory, and he lias 
no need to spend time carefully adjusting 
until lie obtains what he thinks a satisfactory 
“feel ” on the gauge. Corresponding remarks 
apply to the hole. 

The limit gauge system thus greatly 
facilit ates the economic- production of repetilon 
parts in hulk, and adds to what may for 
distinction he called the “ standard ” gauge 
system the advantage of not merely ensuring 
interchangeability, but at the same time, by 
means of the. “Not-tio” gauges, maintaining 
a control over the quality of fit produced. It 
should hr noticed that to secure inU'rchnntje- 
abilitjt alone the “ Go ” gauges are in all eases ( 
sufficient. But in the absence of the “ Not* 
(Jo ” gauges the Jit may be anything within 
the discretion of the workman. 

It limy be remarked that a limit, gauge system is 
more expensive in prime cost than a standard gauge 
system. But where mass production is concerned, 
and under present-day conditions only mass pro¬ 
duction can lie considered economical, the prime cost 
is very soon wiped out by the saving oiTeHed on cadi 
of a large number ol similar parts. 

§ (IS) Toi.kkancks on (i.vrtiKS.— So far we 
have spoken as if the gauge were absolutely 
correct to its supposed size. Naturally, it is < 
no more possible to make a perfect gauge than 
a perfc fc piece of work. Since the number 
of gauges employed is relatively small as 
compared with the number of parts each is 
used to control, it is possible to spend time 
and care in making the gauges to a considerably 
higher degree of accuracy than the work, but 
none the less some tolerance must be permitted 
for errors in manufacture of the gauge itself. 

Before deciding as to this tolerance it is i 
necessary to give careful attention to the I 
purpose which the gauge in question is to 
serve. Wo have been considering so far only 
the process of producing the work in the shop. 
Jn practice it frequently happens that the. 
work after production is subjected to inde¬ 
pendent inspection by the purchaser. In such 
cases it is important to observe that the limits 
given on the drawings are the nominal limits 
Jar the work. The manufacturer has no claim 
to have any work accepted wlTieh falls outside 
these limits ; t he. inspector, on the other hand, 
has no right to reject ai^y work which lies 
within them. Consequently, any tolerance 
which the manufacturer may require for the 
construction* of his gauges must he so distri¬ 
buted as to fall within the limits for the work, 
while any tolerance on the inspector's gauges j 
must he ont-vide the same limits, the effect i 


of this is that when the gauges are. new the 
workman will actually have rather less toler¬ 
ance on the work than the draw ing shows, hut 
! e will he jjble to continue using his gauges 
until the “ (Jo ” gauge has worn right to the 
drawing dimension. And since ho is working 
to the gauges, and not to the drawing, he will, 
not ordinarily he conscious of the slightly 
increased stringency. Bui the system, if 
prope ly controlled, should ensure that no 
work vhioh passes out of the shop is outside 
the drawing limits. The inspector, on the 
other hand, can continue to use his gauges 
until the ‘ Not-(io” has worn to drawing 
size, and still he sure of rejecting nothing 
unfairly. The wear of the workshop “ Not- 
(Jo ” gauge, and that of the inspector’s “ (Jo ’ 
gauge, lend to improve the conditions for 
agreement between the parties. Naturally 
the Wj*ar of the “ Not-(Jo” gauges is normally 
much less rapid than that of the “ (.Jo ” gauges. 

'Pile whole of the above call readily ho 
expressed in the form of a simple rule. Calling 
the larger gauge of each pair the “ High,' and 
the smaller the “ Low,” limit gauge, then the 
signs of the tolerances on the various gauges 
must in all cases he as in the following table: 


Gauge. 


“ High ” 
*• how ” 


Toler 
Workshop. 


+ 


ranees. 

I Inspection. 


If in our previous example the amount of the 
gauge tolerance he taken as (MHH)l ' in each 
case, the limits of acceptability for new gauges 
would then be : 


Gauge. 

| Workshop, j 

Inspection. 

High " pnig 

J ! 1 0005 

• \ 1 1 *000-1 

1 -OOOtj 

1*0005 

Low ” plug 

( 1-0001 1 

• i! i oooo ; 

1*0000 

0*9999 

High ” ring 

1 ! 0*9090 

■ \ o-oyso 

0*9991 

0 9990 

Bow ” ring 

| 1 0 9080 

• \ \ 0*9985 

0*9985 

0*9981 


the numbers printed in heavier type being 
the nominal limits for the work. 

It will he seen that in the worst ease, with 
new gauges, the workman might he left- with 
a tolerance of only 0*0003", instead of the 
nominal 0*0005". The inspeetor, on t ho other 
hand, might accept, if such were offered to 
him, work showing a total variability of 
0*0007". The example chosen is one where 
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the work is being made to a fairly line tolerance, 
and the influence of the tolerances needed 
for the gauges is relatively considerable. In 
a very large proportion of wojk made to 
gauges the gauge tolerance is of less import ance.' 

In many factories the practice is for all work after 
• leaving the shop to pass a factory inspection. In 
such eases, if no further outside inspection is to be 
anticipated, the factory inspector ina_y makey'ise of 
gauges made to inspect ion tolerances. But. if the 
factory inspection is to he fdilowed by Imtside 
inspection, the parts must he controlled rignv up to 
the moment of leaving the factory by gauges with 
imrlcxJiof) tolerances. If the tolerance.on the work 
is generous there is no difficulty in arranging two 
series of manufacturer's gauges, one for production 
and one for domestic inspection, both inside the limits 
for the work, but the latter less stringent than the 
former. If, on the other hand, the work tolerances 
are tight there must he some give and take between 
the workshop and the loeal inspection department. 
A procedure frequently adopted with success in 
such eases is for the factory inspector to make use of 
*• (io " gauges which have been in service for a time 
jus workshop gauges and become slightly worn, but 
not outside the limits. The workman should use the 
worn “ Not-t.'o ’’ gauges. 

Another case which may arise is that of a firm 
purchasing parts from a subcontractor. If no 
final outside inspection is involved, the purchasing 
firm is in effect, outside inspector to the sub-contractor, 
and may proceed accordingly. But if the finished 
article is to be subject to final inspection by a third 
[»artv, then the purelmsing firm must satisfy itself 
that Jill parts supplied by the sub-contractor are 
actually uithin the drawing limits for the work, and 
must, make suitable provision in the contract, either 
by assigning slightly reduced limits to the. sub¬ 
contractor, or otherwise, to enable this to be done. 

§ (I!)) Standard, Reference, (‘heck, and 
Master Gauges. —In addition to the two 
classes of gauge so far discussed, there are a 
number of others whic h have to be considered. 
The terms “standard” and “reference” gauges 
are frequently employed, more or less indis¬ 
criminately, for gauges intended to represent 
as closely as possible the limiting dimensions 
of work. It is desirable to make a distinc¬ 
tion. The term standard gauge should he 
reserved for simple types of gauge— c.y. end 
bars, slip gauges, such as those described in 
“ Gauges,” § ( 0 ), plain plug and ring gauges, 
etc*.—made as accurately as possible to cer¬ 
tain standard nominal sizes, which are used, 
not for the actual verification of work, but 
as bases of measurement in the construction 
and verification of other gauges. Reference 
gauges are simply inspection gauges, made 
with extra care so as to be* as close, as pos¬ 
sible to the nominal limits for the work they 
are intended to control, and are used only in 
cases of doubt or dispute. 

A “ Cheek ” gauge is a special gauge used 
in the manufacture or verification of other 
gauges, and stands in exac tly the same rclation- 


I ship to the gauges as they themselves do to 
the work-. The gauges in this case take the 
plaice of the work, and the tolerances on the 
cheek gauges must lx* even finer than those 
: on the gauges they are to control, and their 
i signs are governed according to the role each 
1 particular (heck is destined to play by pre- 
: eisely analogous rules to those which apply 
to the gauges. The chock gauge, in many 
cases, will he practically a model of the work. 

I Lastly, a “ Master ” gauge is one specially 
made to assist in tlu manufacture or verifiea- 
; tiofi of a cheek gauge. If complete ill form 
: the muster gauge bears the same relation to 
the cheek as the gauge does to the work. The 
tolerance on a master gauge should, if possible, 

: he less again than that oil the check. Gener¬ 
ally speaking, however, check gauges are 
! verified almost entirely by direct measure¬ 
ment, and a master gauge, when needed, often 
takes the form of a relatively simple auxiliary 
piece, used firstly in the manufacture of the 
cheek, and subsequently retained with it as 
an aid to measurement. 

\Ve thus see that there are several grades 
of accuracy necessary to the establishment of 
a complete system of gauge control. Taking 
the stages in order wc have : 

(u) The work, 

(b) Workshop or inspection gauges, 

(c) Cheek or reference gauges, 

( d ) Master gauges, 

(e) Standard gauges, 

(f) Ultimate standards, 

each of which stages should represent an 
increase of accuracy over the one preceding it. 
On an ideal theory, the step in each case: should 
represent at least a tenfold increase in 
accuracy, which, if the tolerance on the work 
were, say, 0-001 in., would involve making 
and measuring inspection gauges to 0 0001 in., 
i check gauges to 0-00001 in., master gauges 
to O-GOOOOl in., and standard gauges to 
0*0000001 in. ; and finally keeping control 
; on the ultimate standards to the equivalent 
of the hundred-millionth of an inch on the 
, size involved. Neither workshop practice nor 
methods of measurement are yet adequate 
! to the realisation of such high orders of 
I accuracy. Nor would it be of any practical 
. utility if they were, as variations of tempera¬ 
ture would render such accuracy nugatory. 
! Fortunately, it happens that the higher stages 
j of the work are all carried out under expert 
j supervision, and a much lower factor than 
| 10 is permissible in.these circumstances. But 
I jt is by no means easy, in a great many cases, 

| to achieve as good a graduation as would be 
! desirable, and the conditions of «»he problem 
indicate very clearly how important it is to 
sacrifice nothing of attainable accuracy at any 
stage of the work. 
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§ (20) Partial and Universal INTER¬ 
CHANGEABILITY OF STANDARDS. — T,hc next 
point demanding attention is the distinction 
which has to be drawn between the require¬ 
ments of a single workshop or factory and | 
of the nation or world as a whole. To secure 
interchangeability between parts made in a 
single workshop it is sufficient if all oorre- i 
sponding parts are made to the same gauges, ! 
which have been suitably adjusted in relation 
to each other. Tt does not matter in the 
least whether the gauges arc or are not : 
strictly in accordance with the true nominal ; 
sizes they are supposed to represent. A firm, 
the dimensions of whose work are all con¬ 
sistently based on a false standard, will ex¬ 
perience no difficulty until it comes to deal 
with other outside firms. But when it comes : 
to purchasing standard tools, such ;is taps, 
drills, or reamers, or has occasion to contract 
out for the supply of certain components, 
or when its products conic to he the subject 
of outside inspection, it may find itself 
seriously inconvenienced. In all such cases 
the parties with whom it enters into relations 
may be using standards different from its 
own, and the results may he disastrous. 
Consequently it is of the highest importance 
for any large engineering concern to assure 
itself, not only that its standards and gauges 
arc consistent inter .sc, but further (hat they 
arc correct to absolute size and consequently 
iu agreement with those of every other firm 
which takes the same precaution. To achieve, 
this some central authority is necessary by 
which Ihe standards in use in industry may he 
controlled and verified. 

Tin* National Physical Laboratory, Tedding- 
ton, Middlesex, undertakes this function as 
far as Great Britain is concerned. 

§ (21) Theory of “Go” and “ Not-Go ” 
Gauges.— The expression “ limit ” gauging 
implies the use of two gauges to control each 
dimension on the work. Bach gauge is made 
nominally to one of the two limits of the 
tolerance permitted for the dimension in 
question, and one gauge must “ go ” and the | 
other must not.. Where a single dimension j 
alone, is concerned two simple gauges arc j 
sufficient for the purpose. But in many ; 
cases the. form of the work is such that a i 
number of elements have to he controlled 
simultaneously, not only as regards their j 
various dimensions, buf also as regards their 
relationships with each othef. In such cases 
it is not sufficient to take a pair of “ Go ” ; 
ami “ Not-Go ” gauges for each element I 
separately. The “ Go ” jfauge, to be effective, ! 
must combine in itself the “go” limits for all tlu; 
elements, w their correct mutual relationship; 
otherwise it is quite possible that the work, ! 
though correct as regards each dimension taken ! 
separately, will not assemble as a whole. 


On the other hand, while it is essential in 
order to secure satisfactory assembly that 
the “ Go ” gauge should combine in itself all 
the important elements of the work it controls, 
ft is equally essential that the “ Not-Go ” 
gauges for each element should he separate 
and independent of each other. If the “ Not- 
Go ” gauge were made similarly to Ihe “jGo” 
gauge, in a form in which all the elements 
were somhi: od, then it would be sufficient, 
in orq?r to present the work from mating 
with t “Not-Go” gauge, for any one of the 
elements to be correct within its limits, and 
if this were the ease, the gauge would give 
no indication as to the accuracy or otherwise 
of the remaining elements as regards their 
“ Not-Go ” limits. 

The meaning of the two preceding paragraphs may 
best be illustrated by actual examples. As a very 
simple ease, consider an ordinary photographic 
plate \thich lias to tit into the rebate of a darkjdidc. 
To avoid fractions let us Riippo.se it is a 4" a f»" plate. 
And let us suppose also that a perfect, rectangle 
\" ■ r" in size represents the minimum clear opening 
of the rebate in any dark slide. The necessary and 
sufficient condition of interchangeability of all plates 
in all dark slides is then clearly that no [date shall la* 
of such a size or shape, that it will not fall into a 
gauge correctly representing the perfect figure, of the 
4" f»" rectangle. Such a gauge, is a correct “Go” 
gauge, and combines in itself not only the measure 
of the maximum dimensions, 4" and 5" respectively, 
allowable for the [date, but. in addition provides a 
control on the straightness of the. sides and on the 
angles between them. 

Consider what might happen if. instead of such a 
complete form “Go” gauge, we were to use only two 
simple snap gauges, E, and E 2 (Fig. (J), to control tho 



e, r, F, 

!<’](». 0 . 


4" and 5" dimensions. In such ease we should pass 
without question so far as the gauges are concerned, 
[dates of the forms shown at either A or II, where the 
full Hpes represent the minimum rebate in the slide. 
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Oil the other hand, suppose that the ledge of the 
rebate is | inch smaller in both direel ions than the 
recess. It is required then that the plate should in 
all eases cover the whole of the area of a perfect 
rectangle 3£" • 1 '{" in size. And sinue it is free fo 
take up any position in the rebate, this means that 
the plate itself must not be less than 3?" •. 4;". lint 
now suppose we were to attempt, to gauge this by a 
com; lete form “ Not-do ” gauge similar to the 4" 5" 
“do” gauge. Then either the distorted pl;,,te ((_') 
or the broken plate (1)) (/•’/;/. 6) wou*.<l be accepted 
—clearly an unsatisfactory result. But if Ire used 
separate “ Not-do” gauges F, and F s to eoiffcol each 
of these elements imlejmirlrnfli/, both the defective 
plates would quite correctly he rejected. 

The correct types of gauge for use as “ (Jo ” and 
“Not.(Jo*’ in this ease arc indicated in the figure, 
and if such gauges are used every plate which passes 
the “(Jo” gauge, and refuses the “ Not -(Jo ” gauges 
at all points to which they apply, is necessarily 
an entirely satisfactory plate in accordance with the 
wpeeitird requirements. The mere application of 
the gauges is a sullleienl criterion, and there is no 
need to consider how closely the plate tits the “(Jo” 
gauge, or to observe it critically for defects in shape. 

The same principle applies in every case where 
limit gauges are used on components in which two 
or more important elements are found in some 
definite relationship. The “(Jo” gauge must he 
unique, and complete in itself, and the “ Ni.it-do ” 
gauges separate and independent for each clement. 
YVe shall meet another excellent example of the 
principle when discussing the subject of screw threads, 
and need not therefore labour the point further here. 

The writer is indebted for the above example to 
Mr. \V. Taylor. O.B.E.. an acknowledged expert in 
all matters relating to limit gauging. 

§ (22) Industrial Standard (Jauuks. - 
Standard gauges have bean authorised for use 
in trade by Orders in Council dated as follows : 

26th August I SSI 
Denominations ok Standards 
(Whitworth (bulges) 

(1) Whitworth's External Cylindrical (Jauges: 

External Diameters in terms of the inch. 

Fifteen gauges from -Jth to I inch, increasing 
by sixteenths of an inch. 

Twenty-four gauges from IJtli to 4 inches, 
increasing by eighths of an inch. 

Eight gauges from 4} inches to 6 inches, 
increasing hy quarters of an inch. 

Nineteen gauges from f>• I to I inch, increasing 
* hy five one*hundredths of an inch. 

Thirty gauges from 1-1 to 4 inches, increasing 
by tenths of an inch. 

Ten gauges from 4-2 to 0 inches, increasing by 
fifths of an inch. 

(2) Whitworth’s Interna! Cylindrical (Jauges .- 

Internal Diameters in terms of the inch. 

(See (1).) 

(3) Whitworth’s External Plane (Jauges : 

Thickness in terms of the inch. 

Ninety-one gauges from 001 to 01 inch, 
increasing hy one-thousandths of an inch. 


23rd August 1883 
* Denominations ok Standards 


t (Imperial Wire (Jauge) 


D«*.Hci'iptiv<> 

NuiiiLfr. 

1’nuivi,|f]its in 
parti<>f an Inch. 

Dew-riptivc 

Ki)tlivalcnts in 
nf an Inch. 

No. 

Inch. 

Nii. 

Inch. 

7/0 

0-500 

23 

0024 

6/0 

464 

24 

22 

5/0 

432 

25 

20 

4/0 

400 

26 

18 

3/o 

372 

27 

164 

2/0 

348 

28 

148 

o 0 

324 

29 

136 

1 

3oo 

30 

124 

2 

276 

31 

116 

3 

252 

32 

108 

4 

232 

33 

100 

5 

212 

31 

0 0092 

6 

102 

35 

84 

7 

176 

36 

76 

S 

160 

:i7 

68 

!) 

111 

38 

60 

10 

128 

39 

52 

1 1 

116 | 

40 

■18 

12 

101 

41 

44 ! 

13 

0-092 

42 

40 

14 

80 

43 

36 

15 

72 

41 

32 

16 

64 i 

45 

28 

17 


16 

24 

18 

IS | 

47 

20 

If) 

40 1 

is 

16 

20 

36 

19 

12 

21 

32 

50 

0-0010 

22 

28 

_ 



161 h July 11)14 

Denominations of Standards 
(Birmingham < Jauge) 


D.-scuptivv 

Kill 
in parts nf 
nil Incli 

i 

j p.-M-riptni* 

j 

Eipii vnh-nl h 
in parts <>i 

N'r,. 

Inch. 

Nm. 

Imh 

15,0 B.d. 

1 000 

7 B.d. 

1761 

11/0 B.(J. 

0-9583 

8 B.d. 

•1570 

13 0 B.d. 

■9167 

9 B.C. 

•1398 

12 0 B.(l. 

•8750 

10 lid. 

■1250 

11,0 15. (1. 

*8333 

11 B.C. 

•1113 

10,0 IUJ. 

7917 

12 B.d. 

0991 

9/0 15.(1. 

750 

IS I’- 

•IISS2 

8/0 lid. 

•7083 

14 15. (J. 

•0785 

7,0 B.d. 

-6666 

1.-, IU1. 

•0699 

60 I5.( J. 

•625 

16 B.d. 

•0625 

5/0 B.d. 

•5883 

17 B.d. 

•0556 

4,0 B.d. 

•5416 

is lid. 

•0495 

3/0 lid. 

•'J00 

If) B.d. 

•0440 

2/0 B.d. 

4452 

20 B.d. 

•0392 

1/0 B.d. 

•3964 

21 B.d. 

0349 

1 B.d. 

3532 

22 B.d. 

•03125 

' 2 lid. 

3147 

23 15.(J. 

•02782 

3 B.d 

•2804 

24 B.d. 

02476 

4 B.d. 

•250 

2 f> It.C. h 

■02204 

5 B.d. 

■222S 

,26 lid. 

•01961 

6 B.d. 

•1981 

27 B.d. 

•01745 
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Denominations of Stan hards — continued. 



VII. SdKEW 'hillEADS 

§ (2'\) An excellent illustration of the prin¬ 
ciple set. forth in § ( 21 ) is to he found in the 
theory of screw-thread gauging. 

(i.) Definitions. The roadei may he assumed 
to be familiar with the general characteristics 
of a screw thread, but in entering upon any 
detailed discussion of its properties and possible 
errors it is nocossaiy to make use of certain 
technical nomenclature and definitions, which 
are thus given in Report No. Hi, published 
by the British Mngineering Standards Associa¬ 
tion, 28 Victoria St reel, N.W.l. 

Uffcctire Diameter of a »S 'erne.- The effective 
diameter of a perfect screw having a single 
, thread is the length of a 

j—lino drawn through the 
U J axis and at right- angles to 

Craohjb~ <; it, measured between the 
C ^ min ,C points where the line cuts 

£«>™m<rsr> ,h ° " f t|,r i||, ' <,iw| 

S.- > (i’i'j. 7). 

<LQORE DIAMETER C ,, ... . n ,. 

i a Core Dutmeter. - J lie core 
axis diameter is twice the mini- 


1 is the straight pan of the thread which 
I connects the crests and roots ( Pig. 8). 

| Angle. of Thread. —The angle of the thread 
is the angle between the flanks, measured in 
i-he axial plane ( Pig. 8). 

! Pilch.-- 'llie pitch is the distance in inches 
! or millimetres measured along a line parallel, 
! to the axis of the CRfBT • 

screw;* between the /7\ r\ 

I \ (f \ rrTC *' / \ ANQtC / r 

point where it: cuts A j/ X /';"VV.- 
any thread of the ;. : ;y y v ^ V ■ 

screw'#nd t he point '/'/■'///■■//./■..■ -f.'.-. ,, , •/; 

j at which it next I'm. 8. 

j meets the orre- 

( sponding part of the same thread (Pig. 8). 
The reciprocal of the pilch measures the 
number of turns per inch or millimetre as 
the ease may he. 

The above definitions have been the subject 
of considerable criticism, and the most appro¬ 
priate and convenient system of nomenclature 
is still a ipiesfioii of debate. Lt is probable 
j Unit the official dclinitions may be revised in 
I the near future. Rut until this is definitely 
1 decided it is preferable to make use of the 
; existing definitions as they stand rather than, 
to introduce now certain modifications which 
: might appear desirable. Otherwise further 
: confusion would be introduced into the 

■ discussion of a subject already sufliciontly 
intricate. It may be said that in the present 
form the. definitions, in common with many 

; other possible variants, are quite sat isfactory so 
• long as wo arc considering perfect threads, but 
that they are not directly applicable to screws 
in which certain types of error arc present. 

I It. is, in fact, extremely difficult, if not 
impossible, to frame useful dclinitions which 
will lake cognisance of all the possible com¬ 
binations of citoi which may occur. What is 
required is a series of definitions of sufficiently 
; general applicability to make it possible to 

■ develop the theory of the imperfect screw 
more completely. Rut the dclinitions as the} 7 

| stand, with the aid of certain conventions 


7 , mum radius of a screw, 
measured at right angles 
to the. axis ( Pig. 7 ). 1 

Pall Diameter.—'V\iv full diameter is twice 
the maximum radius of a screw, measured at 
right- angles to the axis ( Fig. 7). 

Crest.- --The crest is the prominent part, of 
the thread, whether of the male screw or of 
the female screw (Pig. 8 ). 

Pool .—The root is t he bottoih of the groove 
of the thread, whether of the male screw or 
of the female screw ( Pig. 8 ). 

Plank of Thread .— The tlank of the thread t 

1 from 7 it will he seen that the “core 

diameter ” of tftc male thread is measured between 
the roots of the thread ; it should be borne in 
mind, however, t hat tin* " core diameter ” of the 
female thread, beimr approximately the same dimen¬ 
sion, is measured between the crests of the thread. 


referred to later, enable us to deal with the 
more important considerations. 

(ii.) Mel hails of Production .—There are a 
variety of ways in which screw threads can 
be produced, and accuracy in pitch of screw 
! threads, which is the first desideratum, is 
attained by a building-up process, in which 
the emus of a parent screw arc successively 
diminished bv a process either of averaging, 

I or of definite correction, in each successive 
I generation. The original screw was no doubt 
formed by hand, probably in wood, and its 
errors would bo considerable. By embracing 
a number of threads of such a screw in a 
suitable nut, and using it as a lead-screw in 
a primitive lathe, it would he possible to cut 
a screw in which the variations of pitch, 
though probably no less in total magnitude 
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than those, of the original, would be much 
less abrupt. And so by gradual evolution a 
screw of reasonably uniform, but still of in¬ 
correct average pitch would bo derived. The 
transition from wood to metal is incidental 1 , 
but by affording a more suitable mechanical 
, material enables further progress to bo made. 
Theft* is a simple method of correcting gradual 
errors of piteh by the use of a correcting 
earn on a suitable lathe, and' - so eventu¬ 
ally we are enabled to prepare a lead screw 
for a lathe, of sufficient accuracy Vw the 
purpose either of direct screw-thread cutting, 
or of producing other tools need for this 
purpose. For work of the highest accuracy 
--such as the production of screw-thread 
gauges, micrometer movements, or master 
screws for the engines used in ruling diffrac¬ 
tion gratings—a process of lapping the finished 
screw in a suitable, long nut is frequently 
resorted to, in order to eliminate as far as 
possible the last traces of irregularity in pitch. 
This applies particularly to hardened steel 
screws, which are liable to distortion in the 
process of hardening. 11 

, It will he found that in the last resort the 
production of an accurate screw by no,matter 
what process, comes back almost always to 
the use of a previously formed accurate 
master screw. And it is remarkable that up 
to a comparatively recent date very few 
machine-tool makers appear to have ap- ! 
preeiated this, or lo have produced lead screws 
for their tools of anything like a suitable degree, 
of accuracy. It would take us too far to 
describe in detail the various methods em¬ 
ployed in making screw threads, but they 
may be summarised thus : 

Cutting on lathe. 

Cutting with taps and dies, either 
by hand, or in automatic machines, 
Milling, I (Grinding, 

Rolling, I Lapping, 

of whi'-h the last two processes apply only 
to hardened screws, and rolling only to very 
small screws (for watchmaking) or to threads 
formed on thin metal—e.j/. those on Edison- 
tvpe lamp caps and holders. 

There are, of course, certain types of error 
peculiar to each process, as well as others 
common to several processes. In each case, 
however, it will be seen that the accuracy of 
the product depends directly, either upon 
that of the master screw itself, or upon that 
of tools produced from the master screw. 
Such tools are almost invariably generated 
on a lathe, and to secure accuracy of result 
when cutting screws upon a lathe it is essential 
to use a single-point tool, and not a chaser 
with several teeth. The employment of the 
latter type of tool leads to a conflict between 
the piteh of the teeth of the tool and that of 


j the lead screw of the lathe, and since it i3 
I practically impossible to get the two into 
I absolute agreement the result is a compromise, 
| and its piteh usually imperfect. Further the 
single-point tool can he more accurately 
produced and controlled, as regards its thread 
form, than can a many-toothed chaser tho 
latter, in fact, has almost of necessity to be 
produced by the agency of the former, and 
is not so susceptible of correction after harden¬ 
ing. The initial stage, in the production of 
accurate screws is, therefore, the generation 
of, a simple single-point tool of the form 
shown in Fig. A (r/), which can readily he 
done by the aid of a suitable lapping jig, and 
its form cheeked on an optica! projection 
apparatus (see “Gauges,” § (01), etc.). This 
tool is used to out the groove in the thread, 
and also to cut, the groove in the “ cresting ” 
tool. Fig. A (6), which is then used to form the 
crests of the threads, using care to see that it 



I’m. 


is correctly registered with regard to the groove 
already cut. 

The process just described would be too 
elaborate and expensive for the ordinary 
cutting of screw threads, and is therefore 
employed only in tho generation of other 
threading tools. For cutting in a lathe the 
profile of the tool (still of a single thread only) 
should be as shown in Fig. A (r), and this 
profile may be produced either on a straight 
bar cutter, or on a circular type, of cutter 
such as Fig. 9 (</), by the process indicated 
in the last paragraph. Such a cutter as Fig. 
A (d) may be employed cither on a lathe, or 
in the process of thread-milling, and has given 
excellent results in the latter mode of use. 
It is more usual, however, in the commercial 
milling of screw threads to use a hob with 
a sufficient number of teeth to cover the 
whole length of thrf screw to he cut, so that 
one revolution of the work is sufficient to 
complete the whole thread. In this case, of 
course, it is the piteh of the hob (cut as before 
by the aid of sidgle-pointed tools), and not 
that of the. milling-machine screw, which 
becomes the controlling factor, ^whereas with 
a tool such as Fig. A (d) the reverse is tho 
case, and the milling machine must be pro¬ 
vided with a lead screw of accurate pitch. 
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Tlio piocosa of thread milling with a multi¬ 
threaded hob introduces the possibility of a 
special type of error not met with in otfipr 
processes, since if the machine is badly ad¬ 
justed, or if springing of the parts takes 
place, it may happen that the end of t he thread, 
after th<* work has completed its one revolution, 
does not fairly meet the commencement, so 
that there results a series of steps, one on 
every turn of the thread, arranged along a 
line parallel to the axis of the screw. 

In the production of internal sor -ws. if of 
sufficient size, any of the methods already 
described may be employed, but smaller sizes * 
are almost always produced by taps, while for 
rougher work on both male and female screws, 
taps and dies are commonly employed. For 
the most accurate work the t a pa may be pro¬ 
duced diredly by cutting with single-point 
tools upon a lathe, and the dies either directly 
in t he same manner, or at one remove by cutting 
with a tap so formed. A complete study of the 
cutting action of taps and dies has yet. to be 
made. But it is usually found that owing to 
distortion in hardening, the teeth on the 
different lands do not follow each other 
perfectly, and that as a result of this and of the 
difficulty of effecting satisfactory guidance, 
and possibly also of the nature of the cutting 
edges themselves, taps tend to cut large and 
dies small, as compared with their own 
measurer 1 sizes. Extreme care lias to be taken 
in every detail of the work in order to minimise 
this effect when line results are required. 

When taps and dies are used on automatic 
screwing machines, two alternative procedures 
are possible; either the tools may he ' l boat¬ 
ing ” and allowed to pick up their own pitch, 
or they may be fixerl, and the work fed forward 
at a definite rate governed by the screw of the 
machine. In the former ease there is the risk 
of a certain amount of variability arising from 
the looseness of control, while in the latter 
there is a contest, between the pitch of the 
machine screw and that of Ihe cutting tool, 
leading to a compromise in the result. 

The process of grinding applies only to 
hardened screws, and is essentially similar to 
that of milling with a single-toot h disc cutter, 
which, however, is replaced by a formed 
abrasive wheel, or charged lapping disc. This 
is the only process in which generation from a 
single-point tool is not involved, this operation 
hoiiijs replaced l>y that of forming the grinding 
wheel. * 

The process of lapping is one not of produc¬ 
tion but of finishing, employed only for fine 
work, and is designed to even out small residual 
errors left by previous operations. The laps 
may be designed to bear on the flanks, on the 
roots, or on the crests of the threads, or on all 
simultaneously, according to requirements. 
They should either he cut directly by means of 


j single-point tools, or if this be not possible l>y 
j means of taps so cut. 

i Iji the use of screw-thread gauges', one of the 
1 greatest difficulties 1o contend with is that of 
1 'tear, and it is most important, therefore, that, 
i they should be hardened. But the hardening 
; almost invariably introduces some distortion, 
; accompanied as a rule by changes in pitelmnd 
’ dian>c|er. These changes can be controlled 
within limits*by careful attention to the pro- 
1 parties of the si eel* employed, and to the exact 
conditions of hardening suited to it. And 
allowance can be made in advance for the 
average change of size to he expected. In the 
ease of gauges, since but little reduction of size 
due to wear is sufficient to render them useless 
for their purpose, it is-not necessary to have 
them hardened throughout.; in fact, n very 
thin surface of hardened material is sufficient, 
and th^ difficulty of distortion can he greatly 
minimised by case-hardening, either by the 
ordinary carbonising process, or by the use of 
potassium cyanide. The latter method, how¬ 
ever, as ordinarily applied, leaves so thin a 
hardened skin that the gauges, if at all heavy, 
are still liable to damage by bruising, and 
consequently for any but very small gauges the 
former method, or a combination of the two 
methods, is to be preferred, by which a 
hardened skin of sufficient thickness to support 
the interior plastic material against bruising is 
obtained. In any case there is usually 
! sufficient uncertainty as to the result of the 
j •process to make it necessary to leave a small 
amount (sav a few ten-thousandths of an inch) 
of surplus metal for final removal by lapping. 

■ When the gauge is finished by grinding, this, 
i of course, should not be necessary. It is usual 
1 in this ease to rough out the blank in caibon 
steel, leaving several thousandths of an inch 
of full metal, then to harden throughout, and 
. linally.grind to size, if, however, there is any 
serious pitch error in the screw Indore grind¬ 
ing, there is a tendency for the wheel to follow 
this, by springing elastically, and so to tail to 
remove it entirely. If this is the case, report 
may still be had to lapping as the final finish¬ 
ing operation. 

The lapping of a long screw to the very high 
accuracy needed for application to a ruling 
' engine for diffraction gratings is a very special 
operation, and reference should be made to the 
descriptions given in papers written on the 
subject. 1 

Taps and dies, oE course, also suffer distor¬ 
tion during hardening, but in this ease, except 
for very special work, while care is taken to 
L reduce the actual amount of the distortion as 
; far as possible by a satisfactory control of the 
' conditions of hardening, no attempt is usually 

: 1 Howland, article “ Screw,” Ency. Brit .; Scoble, 

i JV./>./,. Collected Researches, 191‘2; Grayson, Croc. 
Ron. Roc. (Victoria), 1917, xxx. 44. 
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mafic to correct subsequently. In fact it. is 
found that the slight irregularities ordinarily 
present tehd to facilitate cutting l>v enabling 
the tools to clear themselves more readily on 
the work, though naturally they are dis¬ 
advantageous from the point of view of 
accuracy and uniformity of product. 

§°(24) Emmas of ISciiisws.—The brief resume 
of methods of production given in tl<e bust 
paragraph will be of assistance in understand¬ 
ing the following diseussion'*of the nature and 
inter-relation of screw thread erroiM. The 
screw thread is a complicated geometrical form, 
involving eight independent elemvnts, any one 
of which, either singly or in combination with 
some or all of the others, may be in error. The 
various elements in order of importance are : 
pilch, effective diameter, angles of llanks (two), 
crest diameter, root diameter, form at crest, 
and form at root. The possible combinations 
of error are almost infinite in number. 

(i.) Pilch Error. —This, as will be seen later, 
has greater effect than any other error upon 
the mating of two threads, and is therefore 
considered first. Error in pitch may be of 
three, or possibly four, dilfereut kinds as under : 

Progressive error. I Drunkenness. 

Periodic error. j Irregular error. 

(n) Progressive, error is a gradual, but not 
necessarily uniform, divergence of the pitch 
of successive threads on a screw from their 
true nominal pitch. It arises usually from the 
presence of an original error of similar amount 
in the lead screw of the lathe or other tool 
employed to cut the screw, <»r from a change in 
length during hardening. 

(b) Periodic error is an error which repeats 
itself at regular intervals along the thread, 
successive portions of the length being alter¬ 
nately longer and shorter than the mean. The 
most common cause of periodic error is a lack 
of squareness in the abutment of the leading 
screw on the lathe, whereby this screw itself 
is caused to move slightly backwards and 
forwards in the direction of its own length, 
once per revolution (usually corresponding to 
several pitches of the screw being cut). A bent 
lead screw with an Acme thread may produce a 
similar effect in the motion of its nut. Another 
occasional cause of periodic error is faulty 
centring of the various gear wheels on a 
lathe, while yet another cause may he the 
presence of periodic error in the actual leading 
screw itself, with its nut. It may he noticed, 
however, that a perfect screw in a “periodic” 
nut, or a * period in ” screw in a perfect nut, 
will not reproduce any periodic motion. It is 
only when both lead screw and nut have 
periodic errors that this cause may become : 
operative. 

(e.) Drunkenness is an error similar to periodic j 
error, hut repeating once per turn of the thread. • 


I It may he due to the same causes as periodic 
| error, if-the pitch of the screw being cut is the 
! s;»me as that of the lead screw of the lathe. Or 
it may arise from a defective abutment on the 
; headstock spindle, if a “ live ” centre; is used. 

It is the most difficult error of all to detect 
I and measure, but fortunately is not often 
present in large amount. 

: (d) Irregular Error. —As the name indicates, 

this has no specific characteristics, and corre¬ 
spondingly no specific cause. It. may be due 
. to a variety of eir<. .1 instances—for instance, to 
! slackness or sticking of the slide rest on the 
1 bed of the lathe ; to faulty cutting, or to an 
actual slipping, of the tool ; or to varying 
i hardness in the material causing local changes 
in the depth of cut. It is almost invariably 
1 associated with error in effective diameter, 
from which indeed it is often difficult to dis¬ 
tinguish it. 

1 Lt should he noted that in any considera¬ 
tion of the elTects of errors in pitch it is the 
maximum relative displacement, measured in a 
direction parallel to the axis of the screw, of 
any two [joints upon it within the length of 
engagement, as compared with the true nominal 
pitch distance between them, which is of im¬ 
portance. 

(ii.) Effect ire Diametral Error. —This ranks 
next in importance to pitch error. A screw to 
he a satisfactory lit in a nut should make 
contact with it. upon the flanks of the threads. 
Contact at the crest and root is for most 
purposes of less importance, and in certain 
circumstances may he a positive disadvantage. 
The error in effective diameter (other things 
being equal) is a measure of the possible slack¬ 
ness of lit. 

When we come to consider any actual case of 
effective diameter error, we are almost, sure to 
he confronted with the inadequacy of the 
definition. So long as we are dealing with a 
perfect screw, on which tin; pairs of opposite 
flanks are all parallel to each other and equally 
spaced, the length of a lino intersecting the 
axis at right angles, and terminated by its 
intersections with the two opposite flanks, is the 
same wherever the line is drawn, and “ effective 
diameter,” so defined, is a determinate amount. 
Kut- if any error in pitch (other than a uniform 
progressive error) he present, or if the angles of 
the two flanks he not equal, then the length of 
such a line will vary according to the position 
in which it is taken, and the definition, as 
given, ceases to he determinate. 

To gain a definite conception we revert to 
the consideration of the methods by which 
screws are ordinarily made and measured, and 
it becomes of some importance to note that 
in almost all the processes of manufacture 
described it is the groove, rather than the 
ridge, of the thread which is directly produced 
by the tool, so that if we want our measure- 
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mentw of errors to throw light on the sources 
whence they arc derived it is prefefable to 
measure by reference to the grooves, and nAt 
by reference to the ridges. The usual methods 
of measuring effective diameters and pitch by 
means of small cylinders, or a ball-pointed 
stylus, do act ually operate in this manner, and 
in considering an imperfect thread it is usual 
to interpret the term “ effective diameter ” as 
applying to the value measured bv means of 
cylinders of “best” diameter— i.e. of such 
diameter as would touch the flanks of a perfect 
thread of the same form and nominal pitch ftt 
two points distant by one-half the pitch. In 
this form the definition becomes specific, even 
for an imperfect screw, and we can proceed 
to study the relations of errors in effective 
diameter with those which may exist simul¬ 
taneously in other elements of the screw. 
The two forms of definition, of course, agree 
in the case of a perfect screw. 

(iii.) Delation of Krrors in Fffccfirc Diameter 
ami rihli. It will bo noticed that, in the 
simplest process of direct generation of a 
screw thread by means of a single-point tool, 
the effective diameter as defined by measure- I 
meat with “best” size cylinders corresponds | 
diieetly to the depth of the groove out, and is | 


| as PT’j. The new definition, therefore, differs from 
the old to the extent represented t»v P, P„. Now, 
considering the little triangle P,(JP g Ihe distance 
fp*.. represents < r,e-half of the difference in piteh 
| pAr turn of tliread between the two serews - 
| say. And if a lie the half angle of the thread, 
P, P 2 --(JP, cni a— JSp cot tt. It may he remarked 
j that for the angles of thread ordinarily emptied 
; cot a approximates to 2. so that the diffireiiro 
; betweer, the tw . definitions amounts roughly to op. 
| And since the error i^i pitch pir turn of Ihri-ml is nut 
i usually <*iy large, though the total piteh error in the 
whole lif mli of the screw may he considerable, the 
discrepancy is not likely to be great. It would be 
better, howevci, if the definition were revised so as 
{ to eliminate it. 

| It is obviously advantageous to have a form 
I of definition which corresponds to the meehani- 
i cal operations of producing and measuring the 
screw, and keeps the two elements of piteh 
and effective diameter separate, so that the 
meaning of the errors can be interpreted, But; 
when we come to considerations of the nature 
of lit to be expected when a screw and nut are 
assembled together, it is no longer possible to 
keep the ideas separate, as errors in either 
element contribute t" the result, and interact 
upon each other. For example, suppose the 
full outlines in Fig. 12 to represent two portions 


entirely independent of the pitch of the thread. 
In other words, as is apparent from Fig. 10, the 
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•>f a correct nut, and the dotted outlines two 
corresponding portions of a screw of erroneous 
pitch which is required to lit it. Obviously the 
“ tit ” can only be effected at the two points 
i.e. at those points where the ma.riinnnt lolal 
pilch difference exists between the screw and the 
nut. Let these he the portions represented 
in the diagram. The two threads, as shown, 


effective diameter measured by cylinders is the 
same whether we consider the full or the dotted 
outline. Hut it does not agree exactly with 
measurement according to the existing defini¬ 
tion, except in the case of the perfect thread. 

Tims, if the full outline of Fig. 1l be supposed 
to represent a correct screw, and the dotted outline 
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one of (uniformly) erroneous pilch, but the same 
depth of groove? the effective diameter of the latter, 
according to the original jlefinitiou. would he PP-, 
whereas according to the amended definition it is 
oxnetly the same as that of the correct screw, i.e. 


have (be same effective diameter (according to 
the modified definition), and it is clear that 
before the screw could be made to enter the 
nut it would have to be reduced by />/) 1 on its 
radius, or by 2 pp x on its diameter. If the 
maximum total error in pitch be dp, pa - \dp, 

' and 2p/>, 'Ipqcnt a, or o,F dp cot a, so that 
a total error op in pitch has to be accompanied 
by a reduction dp cot a ir the effective dia¬ 
meter of a screw (or an increase of similar 
amount in the, case of a nut) before it will 
I assemble with a nut (or screw) of correct 
1 dimensions. 

For the three angles of thread most com¬ 
monly used we have the following values of 
cot u: 


Form of Thread. 


Cota. 

Whitworth 


1021 

F.tt.A. orS.l. . . . 

('.O' 1 

1-732 

B.A. 


2*273 
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The effective diameter is frequently spoken 
of as giving a measure of the thickness or thin¬ 
ness of the threads. But it is to In* remarked 
that , on the view we have adopted, of regarding 
the thread for simplicity as a groove cut out bv 
a single-pointed tool, if two similar screws be 
cut.with equal depth of groove (and therefore 
equal effective diameters), but one long qnd the 
other short in pitch, then the fojiner will have 
thick threads, and the latter thin ones. But if 
the amount of the pitch error he tluysame in 
the two cases each will require the same 
reduction in effective diameter to compensate 
for it. 

(iv.) Errors in Angle.— In the argument of 
the last paragraph we confined our attention 
to threads in which the only errors present 
were tlmsc of pitch and effective diameter. 
Any error in the angle of a screw thread, or in 
its-squareness with the axis of the set *w, has 
also to he accompanied by a reduction (or in 
the ease of a nut by an increase) in effective 
diameter, as measured by means of cylinders 
or spheres at the half depth of the thread, in 
orde r that assembly'may take place with a 
corresponding nut or screw of correct form 
and size. Iff Fig. 13 
there arc* shown a 
(full) correct profile, 
and a (dotted) pro¬ 
file of the same 

effective diameter, 
j j c ; hut incorrect angle. 

It is better, instead 
of speaking of the whole angle of the 

thread, and of its squareness to the axis, 
to consider the half angles on the two 

flanks as the independent variables. And 
it is evident from the diagram that, whether 
the half angle he large or small, the change 
of effective diameter required to secure 

assembly is in the same direction. Jn other 
words, in order to obtain the total change of 
effective diameter required to provide com¬ 
pensation for the effects of angle errors, we 
must add the effects of the two half-angle 
errors, taken separately, without regard to 
their signs. The calculation is given in 
Appendix II. of B.R.S.A. Report No. H4 , 1 
already referred to, and the result is 


5oE ~ ~t —(ooj + 5«,), 

1 sin 2 a 1 

where o a K is the required change of effective 
diameter, h the depth of the thread corre¬ 
sponding to the straight portion of the flank 
between the points where it blends with the. 
root and crest radii, and 5a 1 and oa<> the errors 
(supposed small) of the two half angles, in 
radians. 

1 The notation of Report 8t differs from that of 
•this article. 



Inserting the appropriate constants this 
gives : 

For Whitworth threads— 

5 2 E - 0 0105 y p x (5a, + 5a 2 ), 

for U. 8 .A. and tt.l . threads— 

5 2 12 — 0*0131 x p x (5a, + 5a 2 ), 

for B.A. threads— 

5 2 E — 0*0001 x p x (5a, 4- 5a 2 ), 

where p is the pitch and 5a,, 5a 2 arc now 
measured ill degrees of angle. 

I Of course, other errors less simple than 
those just considered may, and do, occur. For 
instance, the flanks, instead of being straight, 
! may he curved, either concave or convex, or 
they may be entirely irregular in outline. In 
i these eases there is no definite angle error to 
measure, and some other criterion must he 
applied. We shall refer to such alternative 
methods later. 

| It must he noticed, also, that the change 
in effective diameter needed to provide for 
error in angle is independent of that required 
• to compensate error in pitch, so that if errors 
| in both pitch and angle are present together 
! the total change of effective diameter required 
; is the sum of the changes which would be 
i necessitated by the two errors considered 
I separately. 

1 (v.) Errors in Crest and Hoot Diameters .— 

( Errors in these diameters are of less importance 
i than those in effective diameter, firstly because 
I they arc not related in the same way to errors 
| in other elements, and secondly because, in 
: the majority of modern practice, it is now 
; usual to provide a definite clearance at the 
j roots of all threads, so that a tit between 
crest and root is not expected. The actual 
| root diameter, provided the thread is deep 
| enough to provide this clearance, is quite 
immaterial, except possibly in the ease of 
| threads on thin tubes, where the additional 
loss of material caused by cutting the thread 
especially deep might have an appreciable 
effect upon the strengt h. 'The crest diameter, 
however, governs the depth of engagement 
of the threads, and it is therefore necessary to 
sec that it is controlled within reasonably close 
limits. But these limits need not ordinarily 
he quite so fine as those on the effective 
diameter, since they are not concerned in 
determining t(ie quality of the fit. 

(vi.) Errors in Form of Crest and Root. — 
There has been a great deal of controversy as 
to the relative merits of various crest and 
root forms—particularly of the rounded form 
of the Whitworth thread, as compared with 
the flat truncated form of the*'Sellers. But 
apart possibly from the few exceptional eases 
where a fit may be required over the whole 
surface of the thread, it is clear from the 
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remarks of the last paragraph that the exact 
form of crest or root is relatively unimportant, 
and that considerable variation in form mAy 
bo allowed. It may be said that, owing to 
the natural wear of the tools, the sharp angles 
of the Sellers or the Vec thread are never 
actually produced in practice, and that the 
tendency, particularly on screws of the finer 
pitches, is to approximate to the rounded 
form of the Whitworth or B.A. type. Pro¬ 
vided the roots arc sufficiently cleared to 
ensure interchangeable assembly, this natural 
tendency, with the geometrical limitation 
imposed by the general angle of the thread, 
is sufficient to prevent them becoming so j 
deep or sharp jis to he a source of weakness, j 
while provided the crest, without overlapping : 
the nominal boundary, presents a full radius 
and is not pared away at the sides, a sufficient ; 
bearing surface, is obtained on the flank and | 
strength is not sacrificed. These two conditions 
represent the. only essential restrictions to he ' 
placed oil t he possible errors of crest ami root ■ 
form, and there is therefore room here for ; 
compromise between the adherents of the two J 
systems. 

(\ii.) Other Miscellaneous Errors, —In addi¬ 
tion to the various errors already enumer- [ 
ated, there are a number of others which | 
may occur, and which are not specifically [ 
related to any one element-. For instance, in- | 
stead of being circular, the cross-section may 
lie elliptical, or it may he triangular, or , 
pentagonal, in shape. The polygonal form j 
arises sometimes in screwed holes cut. by taps. : 
Tt can only occur when the taps have an odd 
number of flutes* and the figure, has the same i 
number of sides as flic tap has flutes. For 
an explanation of the manner in which such j 
holes can he produced, reference may be made 
to the Annual Report of the National Physical ' 
Laboratory for 1919. 

Another error which may he present, 
especially in taps or hardened screws, is that 
the axis, instead of being straight, may be 
bent , with the result that the pitch is different j 
when measured along different generating j 
lines of the cylinder which approximate]}' 
encloses the screw, and the effective diameter, | 
as measured at any individual position along i 
its length, does not. give the usual measure of j 
the clearance which may be expected between j 
the screw and a perfect nut. 

Yet another type of error js eccentricity 
between the crest diameter and effective 
diameter of the screw. This is more liable 
to occur <m flat crested arrows, -where the 
crests and the grooves are frequently finished i 
in separate, operations, than with round- 
crested form!, in whieli the whole profile is 
usually cut with onetqol. 

Again the diameters of the screw may vary 
in various ways along its length. It may be 1 


] tapered, barrel-shaped, bell-mouthed, or other¬ 
wise irregular. And this may apply to the 
I thread as a whole, or to one or more of 
j ty.c separate* diameters independently of the 
others. 

In addition to all those, more or less 
systematic types of error, the shape of the * 
profile^ or the measurements of the various 
elements, m.<j v bo so irregular, due to imper¬ 
fections in tlie tools or conditions of cutting, 
as to V quite incapable of any systematic 
interpretation. 

Finally, the fineness of the surface finish 
has also an effect upon the quality of fit of a 
screw iu its nut. A screw of quite good form 
but with a roughish surface requires more 
clearance for assembly ’than a highly polished 
hardened screw of equal general accuracy. 

§ (2b) Gatuuno of Sckew Thkk.yds. —We 
are now in a position to consider the applica¬ 
tion of the principles of gauging to the screw 
threat l. 

(i.) “ Oo ” ami Xot-(i<> " (lamje. s‘. — To 
begin wp.li, the necessary and sufficient con¬ 
dition of complete interchangeability is that 
every screw should be capable of lying wholly 
within,* and every nut wholly without-, the 
same perfect theoretical profile, of correct 
nominal dimensions. Hence, the “Go” gauges 
must combine in themselves all the. essential 
elements of the thread in their proper mutual 
relationships. In other words, the “Go” 
gauges must be, as nearly as it is practicable 
•to make them, complete material representa¬ 
tions of the ideal theoretical common limit 
boundary between screw and nut. The “ Go ” 
gauge for the nut is, of course, a plug, and that 
for the screw a ring. 

The “ Not-Oo ” gauges, on the other hand, 
must control the individual elements separ¬ 
ately. For the sake of clearness we will con¬ 
sider the gauging of a ring screw by means 
of plug gauges. Mututis mutandis correspond¬ 
ing remarks will, of course, apply to the case 
of gauging a male screw by means of ring 
gauges. 

The “Net-Go*’ gauges which are of the 
most importance are those for effective and 
crest diameter, of which, however, the latter 
is simply a plain cylindrical plug, which serves 
to ensure that there is a full depth of thread, 
and needs no further discussion. 

The “ Not-Go ” gauge for effective diameter 
takes the form of a screwed plug, and the 
discussion of (lie interrelationships of errors 
given in the last section shows how important 
it is so to limit the action of this gauge that 
it takes cognizance of effective diameter only. 

In the first place, it must have a special section 
of thread, such as that shown in Fig. I t, 
designed to bear only on the flanks of the 
threads for a very short distance near the 
middle of the depth. If it were of full-form 
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profile its indications might lx* altogether 
falsified by its bearing, say, at the root of the 
thread, instead of on the flank, and so 
apparently indi¬ 
cating a sal is- 
F7/, factory screw, 

• - ; • .'////; \ • although the 

■. '// effective- dia- 
'•■///,/.,-,/////. ' /// incite r m i g h t 
' vyV ' ////// 's/S' S' actually be much 

I'm. 11 . t«»<> hu^e ; or, 

if the hearing 
surface on the Hank were more than a 
small proportion of the total depth, then 
any error in angle in the screw might cause 
the gauge to take a hearing at either the 
top or tin* bottom of the Hank, instead 
of in the middle, and once more a false 
indication would be obtained. Similarly the 
“Xot-tJo” effective diameter gauge •‘should 
not comprise more than one or two turns of 
the thread ; otherwise, if the screw had an 
error in pitch, the gauge might enter, but after 
one or two turns might pull up owing to the 
effect of the difference in pitch bet ween it and 
the screw without this being any indication 
that the actual effective diameter of the latter 
was satisfactory. 

But provided the gauge is properly con¬ 
structed to control effective diameter only, its 
indications, in conjunction with those of the 
“ (lo ” gauge, and a general inspection of 
the appearance of the thread, are suHicient, 1 
owing to (lie geometrical relationships exist-*] 
ing between the various types of error, to place j 
definite limits on the possible errors of pitch i 
or angle which may be present, without actual 
measurements of these latter being made. It 
is important to understand quite clearly what 
is implied by this statement, and for this ; 
purpose reference may be made to Fig, Id. i 


I can at no point exceed the value corresponding 
to the intersections of the thin full curve with 
the line AB . 1 

It. floes not follow from this that no point 
on the thread of the nut can he outside the 
thin full curve. If the possibility of irregular 
thread form wen* admitted there could of 
course he no control except at the points 
actually gauged. But even if the tools are 
known to cut threads of reasonably sal isfactory 
form, or if actual inspection of the thread form 
he made (in the ease of a nut this would 
involve taking a east of the thread), and no 
obvious irregularities are observed, we may 
still have the conditions indicated by either 
of the thin dotted outlines in Fig. 15. Jn 
the first two of those outlines the angle, and 
in the third the pitch, are supposed erroneous, 
ami in all three cases it is evident that there 
are portions of the thread which lie outside 
the nominal correct profile by t wice as much 
as the thin full outline which represents a 
screw of perfect form hut of the maximum 
permitted error ill effective diameter. 

The diagram Fig. 15 shows dearly how, if 
the thread form is known to he regular (but 
not necessarily collect) in shape, the applica¬ 
tion of the full form “do” gauge, together 
with the "Mot-do” effective diameter gauge, 
automatically sets limits to the errors of pitch 
and angle which can occur, and so renders 
separate gauging of these elements un¬ 
necessary. 

The amounts <>f these limits arc directly 
calculable from the formulae of § (24) (iff.) and 
(iv.). In this calculation it is to he observed 
that in either case the full value of t he limit is 
only available if the effective diameter is also on 
the extreme limit permissible for it, and that 
the maximum tolerance available for either 
pitch or angle error is directly proportional to 

the variation of the effective diameter from 



i’ia. 15. 


The thick full outline in this diagram repre¬ 
sents the theoretical correct prolile, and the 
shading indicates the material of the “do” 
gauge, which follows this outline exactly. 
Since the "do” gauge is assumed to have 
passed through the screw in the nut, it follows 
that the latter lies at all points completely i 
outside this boundary. The thin full outline j 
represents a screw of perfect form, and of j 
such size as to he just acceptable by the j 
“ Mot-do ” effective diameter gauge, which 
is indicated in its proper relative* position by 
the heavy dotted outline in the left hand 
thread. Since the "Not-do” gauge does not 
pass, the effective diameter of thread in the 
nut, as measured al the half depth of thread , 


nominal size. Also, the maximum errors in 
B pitch and angle cannot exist simultaneously. 
The equivalents of these two errors in effect¬ 
ive diameter measurement are additive , and 
it is the sunl'oi the equivalents of these errors 
i which must not exceed the amount by which 

■ the effective diameter differs f-om standard; 
or, to look at the same matter from a slightly 
different standpoint, if either pitch or angle 
separately, or the two of them taken together, 
he in error by amounts whose combined effects 
are equivalent* to the total tolerance allowed 
on the effective diameter, then this diameter 
must he on the extreme limit of its tolerance, 
the whole of which has been absorbed by the 

i* pitch and/or angle errors, leaving no variation 
I possible in the effective diameter itself. It is 
! * 
i 1 If tin* nut should he barrel-shaped, so that a solid 
j gauge, while refusing to enter at either end, might 
j yet pass through the middle portion, we must suppose 
i this part to he controlled either by some form of 

■ collapsible gauge, or by direct measurement. 
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only by so much as the combined equivalents \ 
of the pitch and angle errors fall short of the j 
total effective diameter tolerance that any > 
variation in this diameter is permissible, and I 
the amount, of variation which can be accepted 
is the amount of this difference, measured j 
always/ro/a the limit, towards the standard size. 

• (ii.) blnirlojic.s, Zones, Crade, and Play - It j 
will he seen that the not result of the system 
of gauging just described is to coniine the 
whole profile of the thread between two 
boundaries, one of which is the correct nominal 
profile, and the other a similar one separated 
from the first by twice, the amount of lilt* 
effective diameter tolerance. The space 
between two such boundaries is called a 
“ zone ” of tolerance, and it is convenient 
for many purposes to specify the quality of 
screw threads by means of such zones, rather 
than by separate tolerances on the individual 
elements. The latter procedure involves 
measuring the- elements independently, and 
computing the interactions of the various 
errois upon each other, and cannot readily 
he extended to deal with any but the simpler 
types of error; while the former has the 
advantage <>f assigning in one operation a 
limit, to the combined effects of all errors, of 
whatever type, and is particularly adapted to 
the method of examining screw threads by 
the optical projection system developed for 
this purpose during the war of 11)14 18. In 
this method the image of the thread magnified 
50 or 100 limes is projected oti to a screen, oil 
which the limits of the -/.one <>f tolerance are' 
indicated. (See “ Gauges/* §§ (H4)-(70).) It is 
at once possible to see whether or not the 
profile can la* made to fall at all points within 
t he /.one. 

In the theoretical discussion of this method 
of gauging. Major I'. Bishop introduced the 
use of the terms “Grade” and “ IMav," and 
the present writer finds it convenient to em¬ 
ploy the word “ Envelope," in the following 
sense : 

Regarding the surface of a screw thread as 
a simple geometrical figure, dissociated from 
the material of which the smew is actually 
made, the major eiucloye of the thread is the 
geometrical surface of the minimum nut of 
perfect pitch and thread form into which this 
figure will screw, and the minor envelope is 
the geometrical surface of the maximum screw 
of perfect form and pilch which will screw 
into it. If the screw considered is defective, 
it will not always happen that the major and 
minor envelopes are similarly situated about 
a common axis, but this •loos not affect, the 
argument. In fact, it is one of the advantages 
of the suggestion that it enables such cases 
to be brougfit into the general treatment. It 
will be noted that the major envelope of a 
screw, and the minor envelope of a nut, lie 


entirely in air, while the minor envelope of 
the screw, and the major envelope of the nut, 
lie. entirely within the material from which 
they are made. The necessary and sufficient 
• ondition f«$r complete interchangeability is 
that the major envelopes of all screws should 
be not larger and the minor envelopes of all 
corresponding screwed holes not smaller # t hail L 
the l’ominal size of the thread. Making use 
of this idea we can then define (bade and 
Play as follows : 

(}rad is the difference between the nominal 
diameter of the thread, and that of the minor 
envelope of a screw (or major envelope of a 
nut). 

Play is the difference between the nominal 
diameter of the thread and that of the major 
envelope of a screw (or minor envelope* of 
a nut). 

Jl is obvious that the smaller the play the 
bet to i* 1 he lit that is to he expected with a 
perfect mating screw, while the smaller the 
difference between grade and play the more 
correct must be the form of the thread. I*or 
grade end play to bo equal, the form would 
need to be perfect. By placing limits on the 
amounts of grade and play, the permissible 
tolerances on the screw can be defined in a 
form which enables them to he readily con¬ 
trolled by the optical method of gauging. 

It can readily be seen also, if we limit 1 hi- con¬ 
sideration to the tluvc principal types of error, that it 
P he the play. <i the grade. 5 0 K the actual error in 
('licetivc diameter, and S,K. S.E the equivalents 
* in effective diameter of the errors in pitch and angle, 
then 

(i--3 0 R I r,l' ■ 5.K, 

J»- <) 0 B -i),K 

; or 5 0 rc-i(<; i P). 

.nt: s ad*; - A(<:~ p). 

A convenient graphical method devised by Major 
Bishop for converting pitch, angle, and effective 
diameter errors into Grade and Play is described in 
B.K.S.A. Report No. 84. Appendix If. 

If we revert now for a moment to the system of 
gauging with “Go” and “Mot-Go” gauges, and 
suppose that we have a ease where OqI'i and <),E ; o.. E 
are both as great, as possible, wo know that in this 
ease wo must, have <5,E i 5 a h< —so that 

| If, on the other hand, we consider a ease where 
o K is as great as possible, but 5,K ami 6 a E both zero, 
we get. 

I Vo. -StKns 

Provided therefore we ehoo.se the limits of (■ and 1 
in accordance with these, relationships, the system 
of gauging optically in terms of Grade and Play will 
give results consistent with those obtained by 
| mechanical gauging by means of “Go” and “ Not- 
1 (Jo ” gauges. 

2 B 
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§ (20) Tolerances on Screw Threads.— 
In laying down a system of tolerances for 
13.»S. F scrmy threads the British Engineering 
Standards Association (Report No. 84) lias 
adopted the two methods of gauging above 
described, as alternatives, with the relations 
just indicated between the various limits. The 
' tolerances throughout this report are based 
on a “ unit ” of tolerance equal to 0-01 \ 'p 
inches, it having been found, :s the result 
of investigation of a considerable mass of 
available data, that this form of lawVavo a 
satisfactory basis for screws of ordinary sizes 
and proportions. Eor screws of ordinary 
quality two such units of tolerance are allowed 
on effective diameter, three on crest diameters, 
and four on root ({iameters. The wider 
tolerances permitted on crest and root dia¬ 
meters correspond to an assumption that 
clearance will be provided at the bottoms 
of the threads. Consequently, the tolerances 
at root and crest are not. considered in 
deciding those on grade and play, which 
are, therefore, in accordance with the formulae 
of the last section, 4 units and 2 units 
respectively. 

A series of tolerances for “ close fits ” is 
also laid down of half the above amounts in 
each ease. Further, for both ordinary and 
close fits a minimum '* allowance ” of 0"-002 
is specified, the maximum bolt being of 
nominal size, and the minimum nut this 
amount larger throughout. It is not im¬ 
probable that this last feature of the specifica¬ 
tion may be subject to amendment. 

Tolerances on similar lines, but without ; 
the provision for close fits, have also been , 
laid down (Report CL. 7270) for 13.8.W. 
threads. Report No. 21, dealing with 13.8.1*. 
threads, is in course of revision, and when re¬ 
issued will probably show tolerances of the ! 
same kind, at any rate, on the smaller sizes, 
say up to 2-in. pipe. For screw threads of 
relatively fine pitch on large diameters, such 
as the larger sizes of pipe thread, it is possible 
that tile formulae may have to be modified 
in the sense of taking the diameter as well i 
as the pitch (or size of the thread) into con¬ 
sideration. Evidence on this point is not yet j 
complete. j 

In dealing with the small B.A. screws j 
(Report C.L. 7271) the Association has also j 
deviated from the \p law of tolerance. j 

For the actual limits of tolerance on the various j 
types and sizes of screws reference must, he made ! 
to the Reports mentioned. It may, however, be ; 
desirable to point out here one important difliculty \ 
which, owing to the very nature of the screw 
thread, is inherent in all attempts to control ! 
the interchangeability and the accuracy of fit j 
of screws by specifying tolerances on the various j 
elements. 

Suppose limits are laid down, with duo regard to 1 


the accuracy actually attainable in manufacture, for 
the maximum errors to be permitted in pitch and angle. 
Then it is necessary to allow on effective diameter 
a tolerance equal to the sum of the equivalents of 
these two limits plus a certain un\ount for inevitable 
variations in the actual depth of cut. Rut it way 
happen that in a certain number of screws the errors 
in pitch and angle are not present, and in such cases, 
if the effective diameter be on the extreme limit 
allowed, the play, and consequently the looseness 
of the fit when the screw is assembled, may bo 
considerable. On the other hand, eases may also 
arise in which, owing t<* f lic presence of pitch and/or 
angle error, the play is zero, though the effective 
di/imeter is near or on the limit of tolerance. In 
such a ease there would he no shake if the piece were 
mated with a perfect part, but if it should chance to 
1m? mated with a part having errors of the same 
nature and amount ns its own, the shake might he 
as great as if both effective diameters were on their 
respective limits of tolerance, and no other errors 
were present. 

The problem is thus, owing to the interplay of 
the various elements, an extremely difficult one, 
and it. is easily seen how necessary it is, for good 
work, to keep the individual tolerances small, and at, 
the same time how difficult it. is from the manu¬ 
facturing point of view to secure that all the elements 
are brought simultaneously within their respeetivc 
tolerances. 

§ (27) Tolerances on Screw (1adues.— 
The tolerances considered permissible on 
screw gauges of various kinds are set out in 
detail in the Test Pamphlet issued by the 
Metrology Department of the National Physical 
Laboratory. 

It may be noticed in the first place that the 
tolerances on screwed work an? usually so 
small that the gauges for it have to he of 
extreme accuracy ; ordinary workshop and 
inspection gauge's of average size being allowed 
only 0 "-() 00 f> in diameter, and reference, 
cheek, and master gauges hut half this 
amount. The signs of the tolerances are 
arranged in accordance with the scheme 
giver in § (18). 

The same rules apply to the relationships 
of the tolerances on the various elements of 
t he gauges as to those on the work, and when 
it is considered that an error of only 0 "- 000 L> 
in pitch, or (in the case, say, of a 10 t.p.i. 
screw) of only 10 ' of arc in the half-angle 
of each flank, is sufficient to absorb the whole 
of a tolerance of 00003 in effective diameter, 
and that the actual effective diameter error 
and the effective diameter equivalents of the 
errors in both pitch and angle have all to he 
included within this very small amount, it 
will readily bo realised how difficult is the 
production of gauges to the required degree 
a of accuracy. And it must, he realised, also, 
that the, grade, of gauges tested under this 
system will he 0"0012 for inspection or work¬ 
shop gauges, or 0"-000<V for reference, cheek, 
or master gauges, although the corresponding 
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effective diameter tolerances arc only 0^*0006 I 
ami 0"-()00:j respectively. 

Slightly finer tolerances are possible in tl,ie | 
caso of “ Not-Clo ” effective diameter gauges, 
in which the clearing of all but a small portion 
of the flank, and the limitation to only one 
or two turns of thread, make errors in pitch 
or angle of relatively small influence. But in 
the case of the full form “ Go ” gauges an 
accuracy of 0"-0003 on effective diameter may 
be said to represent the practical limit of j 
present-day manufacturing processes. It, is | 
for this reason that cheek gauges, instead pf j 
being, as they ought, of a sensibly higher order 
of accuracy than t-ho workshop or inspection 
gauges they serve to control, are only twice 
as accurate, while master gauges, which 
should he more accurate still, have only the 
same order of accuracy as the cheek gauges. , 
The result of this limitation is to make the j 
verification of check gauges, and even of j 
workshop and inspection gauges, a matter ; 
demanding considerable skill, experience, and 
discretion. 

And in the use of plug screw master gauges tor 
verifying ring screw cheek gauges (the, only purpose 
for which suc h masters arc employed) a compromise 
lias to l)e made as to the distribution of the tolerance. 
The ring check will he used for testing workshop 
or inspection plug sciew gauges - it should, therefore, 
he no smaller in size than the upper limit of the 
gauges it is to control, or some of the gauges may 
he unfairly rejected. On the other hand, it should 
not he made deliberately larger than this limit, 
or overside gauges will he passed, and these in their 
turn would reject work which ought to ho accepted. 
If we uld make the master gauge one stage more 
accurate than the cheek (a* theoretically we ought 
to do) we should have no difficulty in testing the cheek 
on a proper basis. But since the accuracy of the 
master can only he the same as that of the check wo 
are on the. horns of a dilemma. If we make the 
tolerance on the. master positive, then if the master 
ho on its upper limit, the check will be forced to he 
not less than 0"-0flu:t large, and may pass gauges 
large to this extent. If. on the other hand, we make 
the tolerance on the master negative, then, if the 
master he on the low limit the cheek may he passed 
0" 000.‘t small, and in this case will reject- all gauges 
which are not small l».v at least this amount - »>. 
by one half their nominal tolerance. In the result 
it is found best to divide the tolerance on the master 
symmetrically, making it 4 0"-00015—thus aiming 
ut getting the master as near correct size as possible, 
and trusting that the clearances between it and the 
oneek. and between the check and the gauges will 
be sufficient to prevent either gaugts or work from 
being unduly penalised. 

ft may ho mentioned that since plug screw 
gauges can readily he verified hv direct 
measurement, it is not usual to provide ring 
screw checks .except. where large numbers of 
gauges of the same type have to he verified, 
or where in addition to*the screw proper there 
is a collar or some other feature on the gauge, 


whose concentricity or other relationships 
with the thread need also to he controlled. 
The master gauge difficulty, therefore, arises 
only in certain more or less exceptional 
eases. 

In the verification of ring screw gauges, 
however, methods of direct measurement have . 
only recently been devised, and are in •any 
ease much less simple and rapid than the 
corresponding methods of measuring plug 
serous The standard method of control for 
ring f/‘ ages is, therefore, by means of cheek 
plugs, a full form “ Go ” screw plug, a “ Kot- 
Go ” effect iv v diameter plug, and a “ Mot-Go 
plain plug for core diameter. The use of these 
three plugs, coupled with optical inspection 
of a plaster east of the thread fo’in in the 
ring, is sufficient to control all elements in 
the ring screw completely, in precisely the 
sanu fanner as is described in § (25) for^the 
work. 

It must he noticed that the full form “ Go 
i gauges, whether inspection or check, must 
I be correct in every feature, since they arc the 
I physical representations of the nominal 
boundary which the work or gauge they are 
destined to control must, in no ease overlap. 
There is, strictly speaking, no licence on 
the crest and root diameters of gauges for 
wider tolerances, such :is arc permissible for 
the work*. For although a clearance is ox- 
i poctcd on the work at the root of the thread, 

■ then* is no guarantee that it is there, unless 
j*the gauge, being suitably constructed, in- 
i dieates that it is so. And for this purpose 
the gauge mint he complete and up to size 
| at all points. In •practice, however, it is 
I found difficult, owing to the rate of wear of 
J the tools used in producing the gauges being 
I more rapid at their points than elsewhere. 

I to keep tin* diameter at the root of the thread 
! of the gauge within very narrow limits, and 
' it is, therefore, customary to allow a slightly 
i wider tolerance on this element, and to supple¬ 
ment the full form “Go” gauge by a plain 
cylindrical “ Go ” gauge for crest, diameter 
only. This practice is not in accordance 
with the strict theory of gauging, but. 
i owing to the fact that a clearance is aimed 
; at in the work, is not found unsatisfactory 
in operation. 

VIII. Cylindrical Fits 

§ (28). The question of the standardisation 
of tolerances on cylindrical parts for various 
classes of fit is one obviously of great import- 
i ance to the engineer, and has received con¬ 
siderable attention both in England and 
abroad. Interchangeability of such parts in 
the .bulk production of machinery is of the 
highest economic value to the manufacturer, 
while the ability to purchase spares which can 
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bo relied on to function properly without the 
need for special fitting is an inestimable boon 
to the user. The subject. however, is beset 
with difficulties of many kinds, and it cannot 
be said that a final and satisfactory conclu¬ 
sion has yet been arrived at in any country. 

. The original Report of the B. E.S.A. on 
Standard Systems of Limit Gauges for Run¬ 
ning Fits (No. 27, 19(H)) has not proved 
acceptable in practice, and is irow in course 
of revision. 

In order to discuss t he subject projwly we 
need to define a fairly ample vocabulary of 
special terms. Home of these have only 
recently come into use. Others have been 
generally employed for a considerable time, 
but often the same w<-rd is used by different 
persons to connote somewhat, different ideas, 
with the result that a great deal of eon- 
fusion is apt <o enter into arguments on the 
subject. 

§ (29) Definition's of Terms employed. 

In the. present article the various terms 
employed are used with the significance ex¬ 
plained below : 

(i.) Types of H’orL (a) “ (.'law ’’ of Fit. - 
Used to distinguish between different, types 
of work, according to function — i.e. running, 
push, force, fits, etc.—without regard to 
accuracy or quality of workmanship. 

(b) " Or ado ” of Work. -Used to distinguish 
between work made to varying degrees of 
accuracy in size. In particular, if a certain 
tolerance on work of a certain size is described, 
as Grade 1, then work of the same nominal 
size but with twice the tolerance will lie 
(bade 2; if with half the tolerance it is 
Grade 1/2. 

(<•) "Quality" of Work. Distinguishes the. 
nature of finish — e.y. whether hard or soft, 
machined, ground, lapped, etc., with the 
degree of perfection attained in any of these 
processes, apart from accuracy of si/.e. 

(ii.) General *'lass ijirat ion of Fits. (a) 
Clearance Fits .—Fits in which the maximum 
dimension tolerated on the shaft does not 
exceed the minimum dimension tolerated on 
the hole. 

(b) Interference Fits. — Fits in which the 
minimum dimension tolerated oil the shaft is 
not less than the maximum dimension tolerated 
on the hole. 

(c) Transition Fils. —Com prising all cases 
intermediate between (a) and (/>), in which 
it is possible according to the particular sizes 
assumed by the shaft and hole (both within 
the tolerances prescribed for them) for either 
a clearance or an interference fit to be pro¬ 
duced. 

(il) Allowance. —The minimum clearance 
permissible in any c lass of clearance fit. 

(c) Obstruction. —The minimum interference 
permissible in any class of interference fit. 


Clcarar 


Transition. 


Interference. 


(iii.) Specific Classes of Fit .— 

(a) Easy running. 

*(b) Normal running. 

(<•) Close running. 

(</) Sliding. 

(<■) Light push, or spigot. 

(Maximum shaft mini- 
| mum hole.) 

If) Push. 

.Maximum shaft inter¬ 
mediate between maxi¬ 
mum and minimum 
- holes : minimum shaft 
not greater than mini¬ 
mum hole. 

(</) Light keying. 

Shaft tolerance comprised 
entirely within limits 
for hole tolerance. 

(h) Keying. 

Minimum shaft inter¬ 
mediate between maxi¬ 
mum and minimum 
holes : maximum shaft 
not. less than maxi¬ 
mum hole. j 

(j) Light, driving. 

(Minimum shaft- n 

mum hole.) 

(k) Driving. 

(/) Force. 

(//<) Shrink. 

In eases {a) f (Ij). (r), ( <1 ), there is a definite 
“ allowance ” between the maximum shaft 
and the minimum hole. In eases (/.•). (/), and 
(/< ) there is a definite overlap, or “o hsfrnc- 
i tion," between the minimum shaft and the 
maximum hole. Jn eases (<) and (j) the 
allowance and obstruction arc respectively 
zero. 

) In the ease of transition fits the terms 
“ allowance ” and " obstruction " are w ithout 
, material significance. 

It must he understood that, the use of the 
terms denoting the various classes of lit in 
the manner gjven above is intended primarily 
1 to give precise geometrical significations to a 
number of expressions at present somewhat 
vaguely employed, and not as a specific 
! assertion that such distribution of tolerance 
| is the most appropriate for the terms defined. 

| Many engineers may disagree with the classi- 
i fieation, as regards the transition tits, but it 
i has to be reidhnibered that in transition fits 
; of any kind the whole tolerances must, of 
i necessity be extremely small, or the desired 
1 results cannot be attained. Jt may even be 
j doubted whether the production of inter- 
! changeable work of this class is generally 
j practicable. Assuming, however, that the 
| tolerances can be kept sufficiently small for 
I this purpose, the above classification will be 
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found to correspond reasonably well with 
ordinary practice, * 

Some other definitions will be. required in 
the course of the discussion, but these may | 
more conveniently be left to be dealt with as J 
they arise. 

§ (TO) (JUNERAI. PlUNCTCLES. (i.) Shaft Mill | 
/loir. Y/u-sex. - The first point which needs to be 
settled in formulating a series of tolerances 
for cylindrical iits is whether the shaft, or 
the hole, is 1o be. taken as the basis -i.e. as I 
the member which shall, as nearly as possible, 
remain invariable, while the different elas. es 
of lit. are secured by varying the dimensions 
of the other. In the original report of the 
B. M.S.A. referred to above, a shaft basis was 
adopted, partly for the reason that in manu- 
faeture it is more easy to produce shafts than ! 
holes true to a prescribed dimension, hut 
more particularly because in certain eases it j 
is necessary to make a number of fils of differ¬ 
ing classes oil a single parallel shaft, a cit’eum- ! 
stance which does not apply to the hole. | 
Modern improvements in methods of pm- ! 
duet ion have, however, very considerably j 
minimised the importance of the first, reason, i 
while in practice it is found that in general j 
work questions of the cost of upkeep of tools, i 
such as drills, reamers, and broaches, and of 
the necessary gauges, for a large variety of | 
holes, far outweigh the advantages gained in 
a limited number of eases from the second. ! 
It. is no doubt as a result of this that the 
15. K.S.A. report has remained so largely a 4 
dead letter, ft is impossible always to work j 
on a hole basis. In certain eases, c.<j. mill- i 
wrighting, the shaft basis is essential, but for j 
the majority of work the hole basis is to be ! 
preferred. The I5.K.S.A. Committee, in re- j 
considering their proposals, have now agreed 
to the adoption of the bole basis as standard, : 
with the facultative use of ail alternative shaft j 
basis for special requirements. The same 1 
course has been adopted in two recent reports ; 
issued by the corresponding (Swiss and Herman ' 
Associations. 

(ii.) I'nilateral am/ liilater-d Tulcra nres .— 
Whether shaft or hole be taken as basis, it is 
natural to make the invariable member true j 
to nominal size, though, provided the differ- j 
enren between shaft and hole for the various j 
classes of fit are suitably maintained, it is, | 
strictly speaking, immaterial whether the 
invariable member be nominal si/e or not. 
Hut errors of workmanship have to be pro¬ 
vided for, and the invariable member cannot 
he made e.wellif nominal «i/e. And concern¬ 
ing the proper distribution of the necessary 
tolerance on this member there is a very 
marked cleavage of opinion. According to 
one school of thought the aim should he to 
get t he majority of the work as close to nominal 
size as possible, with the average, if possible, 


correct. As a consequence they advocate 
distributing the tolerance partly on one side, 
and partly on the other side, of tne nominal. 
Such a distribution is termed “ bilateral." 
The division of the tolerance may ho either 
equal or unequal. In the New all syst em of 
limits, which has considerable vogue in (treat. 
Britain, owing to the fact that gauges ad;Pp(ed 
to it have been commercially obtainable, tin* 
division is asymmetrical. An asymmetrical 
systt m may be advocated partly for reasons 
comic, ced with the wear of tools and 
gauges. Hut the principal reason usually 
brought forward by those who favour it is 
that in practice the work tends to cling to the 
“do” gauge, so that the average product, 
which they desire to see of nominal dimensions, 
does not fall on the mean of t he t wo limits. In 
reply to this it can he said that if it he the 
caw, tficn either 

(a) The tolerances are unnecessarily wide, 
so that the workman has no dillieiilty in 
stopping his operations at a point, after the 
“ (.Jo ” gauge passes, hut still a long wav 
before the " Not-do ” gauge would pass ; or 

(/>) He does not understand the lies! prin- 
eiple of the limit-gauge system, and is wasting 
his time through an instinct inherited from 
the procedure adopted for use with a single 
gauge, which makes him try to get. his work 
only just to pass the “(Jo’’ gauge, whereas 
his object should be merely to get it. brltcecn 
the gauges. 

The other school of thought maintains that 
the nominal size should he, not an average on 
either side of which individual pieces of work 
may lie, hut a limit such that (in the ease of 
clearance tits) no hole shall lie below it, and 
no shaft, above it. All the tolerance on the 
invariable member, therefore, must lie on one 
side of the nominal—positive if the hole basis 
be chosen, negative for the shaft basis. This is 
termed the unilateral system. 

It mav he said at once (hat .while there is 
no conclmivc argument in favour of either the 
unilateral or the bilateral system, on tirst 
principles the unilateral system is to he pre¬ 
ferred. In the ease of a large majority of tits 
the nominal dimension becomes the boundary 
between the hole and tile shaft. The two 
schools of thought are, however, pretty 
evenly divided, and as a result the ulti¬ 
mate decision can only be that of a 
majority, and in consequence, to some extent, 
arbitrary. 

The principal arguments adduced in favour 
of the bilateral system are as follows : 

(a) That it brings the arrratje work as near 
as possible to nominal size. 

(b) That it is advantageous as regards life 
of tools. 

(r) That existing standard products, e .</. 
ball-races, are made on this basis, and that. it. is 
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desirable to maintain interchangeability with 
these. 

00 That many of the firms who at- present 
use limit gauges already employ the system 
and have to he prepared to supply spare parts 
for products of existing t ypes ; and that it 
• would be extremely costly to change all their 
tools? and gauges to suit a new system. 

With regard to these arguments it may he 
said in turn : 

(u) There is no intrinsic virtue, in the 
nominal size. Provided the allowance's and 
tolerances were kept the same, an alteration 
of a few thousandths of an ineh in the 
nominal size could have no effect on the 
functioning. This, therefore, is purely a 
sentimental argument. '’The point which does 
arise is this. What arc the relative merits of 
a system in which (he same. arcrurje size is main- | 
taiued, for all holes, whatever their gmVe (i.e. j 
for all different tolerances), as against one in 
which the average size of the hole varies with 
the tolerance, but no hole is smaller than some 
'■onrtant Jived Untit '! The objection to the 
former, in the ease o{ clearance (its (which 
form by far the largest number to be dealt 
with), is that the lower limit for the hole is less 
for a low-grade hole than for a high-grade one, 
so that a low-grade hole may give a less allow¬ 
ance than a high-grade one, when paired with 
shafts of the same class. A corresponding 
objection applies to the unilateral hole in the 
case of interference lits. but this is of less 
importance, as the number of eases to be dealt 
with is smaller, and interchangeability is not 
so necessary in this class of work. 

(6) This argument depends largely on the 
fact that at present reamers, etc., are supplied 
commercially adjusted as close as possible to 
nominal size. If the unilateral system wore 
adopted such tools would have to be made 
initially above nominal size, and it would be the. 
worn and readjusted reamer that would have 
to be used for the highest grade holes, whereas 
on the bilateral system the worn reamer serves 
for the lower grades. Hut the maximum j 
possible life for a fixed reamer is secured in i 
either ease by making it initially on the upper j 
limit for the lowest grade hole. Then as it j 


I adopted makers of such products would fall 
! into line! 

id) With regard to this, there arc probably 
j an equal number of firms at present pledged to 
the unilateral system, and their difficulties 
i would be equally great if the bilateral systems 
j were adopted as standard. There are also, 
! however, a great number of firms still working 
! oil the old Whitworth system, to “ standard ” 

| gauges. And it is evident that it would be a 
j great convenience to such firms in adopting a 
! new “ limit ” system, if the low or “ Go ” 

: liif.it for tlu* hole remained nominal size in all 
| eases, as it is their present practice to make it. 

As remarked before, none of these argu¬ 
ments is conclusive, in either direction. It. is 
generally agreed that a universal standard, if 
it could be adopted, would be of immense 
benefit to the industry. And the desideratum, 
of course, is the greatest good of the greatest 
number. In this sense the general trend of the 
arguments seems to favour slightly the uni¬ 
lateral system, and this system has so far 
received approval by a small majority at all 
meetings of the B.1C.N.A. Committees which 
have been dealing with the matter. It has 
also been adopted in the reports of the Swiss 
| and German associations already referred to. 

; It is of course, necessary to find some means 
of bridging over the transition period as easily 
as possible in the case of firms at present using 
the bilateral system. To this end it has been 
proposed to adopt a system of shaft tolerances 
giving rise to a series of shafts which, by suit¬ 
able choice, should be, as far as possible, 
suitable for use with holes produced on either 
system, and to recommend the definite and 
immediate adoption of this series of shafts as 
standard, coupled with the recommendation 
that for all new designs the unilateral holes 
should be adopted also. 

§ (31) Systems of Limits, (i.) Lairs of 
Tolerance and Allowance.-- The different types 
of law governing the relation of tolerance to 
diameter for different classes of work may all 
be comprised in a single formula of the general 
character 

T — a )• h \ <T), 


wears it becomes, on the bilateral system, 
suited first for the higher grades, and subse¬ 
quently on further wear is once more suited 
only for the lower grades, at the other end of 
their tolerance. On the unilateral system 
it is at the end of the life of the tool that 
it becomes suitable for the highest grade 
work, but the total life depends simply on 
the total tolerance for the coarsest hole, and 
is the same in cither case. If adjustable 
reamers arc employed the argument ceases to 
have weight. 

(e) The answer to this argument is simply 
that if a new standard were universally 


where T is the tolerance, I) is the nominal 
diameter, and a, b, and c. are constants suited 
to the grade and class of work conceived, any 
one or more of whiclg in particular eases, may 
be zero. u 

In the original report of the B.K.S.A., which 
dealt with clearance fits only, the law adopted 
was 

T —Wl) 

simply. The reason for the adojlrion of this 
formula was mainly empirical, based on actual 
measurements of a large number of samples of 
work of all kinds, which were carried out by 
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Mr. S. W. Attwcll of the National Physical 
Laboratory. At the time that those Ineasure- 
monts wore made limit systems were not mi ch 
in vogue, and since they were made methods <>£* 
production have been very considerably im¬ 
proved, particularly owing to the development 
of grinding machinery. It does not follow, 
therefore, that the conclusions arrived at arc 
'necessarily suited to work produced under a 
limit system, or under modern conditions. 
None the less, all evidence seems to show that 
for clearance fits at any rate thin typo of law 
is well suited both for tolerances and alh w- 
anees. and it has been generally adopted in 
most of the systems proposed. 

An alternative proposal is to take merely a 
series of constant tolerances (T - a) and to 
make these applicable to all sizes, choosing for 
any particular size the tolerance appropriate 
to the particular class of lit desired. It may 
he doubted, however, if a scheme of this J 
nature is sufficiently elastic to be adaptable for 
all varieties of work. 

For interference fits, the law for obstruction 
should theoretically be cl.) simply, if the 
material is to be stressed to the same fraction 
of its elastic limit in eases of similar geometrical 
proportions but varying sizes. The cases | 
which arise vary so much, however, in respect | 
both of materials employed and of ratios 
of length and thickness to diameter, that it 
is almost impossible to lay down any series 
of values for the constant c which would be 
likely to cover all eases. The practice in*j 
different works, and for different purposes, j 
varies between the extreme limits of the 
formulae T - </. and T - cl). Since in this 
class of tit subsequent separation and re¬ 
assembly of the parts is rarely likely to be 
required, interchangeability is much less im¬ 
portant than is the ease with clearance tits, to 
which in the rest of this discussion we shall 
mostly confine our attention. 

Before leaving the matter, however, we may 
remark that, a great simplification of the 
system is effected in practice if the laws for 
tolerance and allowance are the same, since in 
this case, and only in this ease, we are able 
to make the consecutive limit lines of the 
system serve as common boundaries between 
shafts corresponding to two consecutive classes 
of work. In the case of interference fits a 
tolerance of the form T i l) leads either to 
unnecessarily large tolerances on the bigger 
diameters, or to inconveniently small ones on 
small diameters, and there is no reason in the 
nature of the processes *>f manufacture why 
the tolerance, should be different for interference* 
and for clearance fits. Consequently the v D 
law appears the most suitable general law for 
tolerances, but if this be adopted in conjunc¬ 
tion with a cl) law of obstruction for interfer¬ 
ence fits the limit lines in this class cannot 


form common boundaries between the con¬ 
secutive grades. 'Phis constitutes another 
difficulty in formulating a system of limits 
for interference fits. . 

(ii.) Step Systems .—The direct application of 
a mathematical law such as T - b s i) to the 
formation of a series of tolerances for practical* 
use is not convenient, as it involves reference 
either to a chart or to tables of unwieldy 
proportions. It is customary, therefore, to 
up pi ox mate to the smooth curve given by the 
theoretical formula by moans of a series of 
steps, the tolerance remaining constant over 
a certain range of sizes, then increasing by 
some finite amount, remaining constant over 
a further range of sizes, increasing again, and 
so on. The word “ range ” is used to denote 
any group of sizes over which the tolerance 
remains constant, and the amounts by which 
the limits change in passing from one range to 
the next are termed “ steps.” 

In a chart such as that suggested in Fig. 16, 
each of the stepped lines is known as a limit 
line, and the 
tolerance per¬ 
mitted on work 
of a particular 
size and class 
lies between 
limits given by 
the, two ap¬ 
propriate lines 
for the size in 
question. It is 

not essential that all the steps along any 
one limit line should be equal; for the 
larger sizes, where the whole tolerances arc 
larger, greater steps and longer ranges are 
permissible. The maintenance of uniform 
steps along any one limit line leads, however, 
to a convenient simplification in practice, for, 
as Mr. JJedley Thompson has pointed out, if 
the steps are equal, then, for the, \ I) law, the 
lengths of the. ranges form a simple arithmetical 
progression. 

This may lie proved simply as follows. 
Suppose we have a parabola y — a + b sx (Fig. 
17), and let us consider a series of ranges, 
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starting at the origin, and of lengths given by 
the successive terms of the arithmetical pro¬ 
gression, .s, 2*\ 3.?, . . . vs, . . . 

Then the sum of the 1st n ranges— {n(n 
and tho Hum of the 1st (a- 1) ranges-** |(w- l)n/2}«. 
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Wili-net* !>„, tin* mean diameter of the «th range, is 

i 

Tim onliuate at this point is 

" hh " '■ 11 \ • , 



and ilie dilTorcnee between the «th and (it l)th of i 
such ordinates is constant and equal ty b \ *; 2 . j 

Putting r for b \s, 2 and k <i t r, we may then re- | 
write the tolerance (or allowance) on the. «ti» range j 



— r (k n) simply. 

The factor r has boon celled hv Mr. Thompson 
the “ range factor”; n is the “range num¬ 
ber”; and (k \ 11 ) is known as the “ size 
multiplier." # 

Ithvill be noticed that for a strictly parabolic 
law. a, and therefore k, are zero. And if we 
had to deal with a range of sizes extending 
right down to'nothing, wc should have no ; 
option but to keep tlujm so. It is generally ; 
felt, however, that for the smallest sizes 
commonly met with in practice the, pure 
parabolic law tends to give tolerances incon¬ 
veniently small, and the addition of the small 
constant term (represented hy a and k) is made 
in order to increase the tolerances for small 
work, without appreciably affecting those on , 
larger sizes. 

When we come to consider the magnitude of 
the steps (i.c. of the range factor r) it is 
obviously desirable that they should he kept 1 
reasonably small, or there 'a ill he too great a , 
disparity between the tolerances and allow¬ 
ances assigned to work of closely the same size, 
on either side of a step. On the other hand, 
if the step is too small, the amounts involved 
become difficult to measure in the workshop, 
and the number of ranges has to he increased, 
with a corresponding increase in the com¬ 
plexity of tin; tables involved. In eases where 
the total tolerances and allowances arc greater, 
the steps also can naturally be increased, with¬ 
out introducing too marked discontinuities. 

Probably the most generally acceptable step H 
is one of <M)002", or some multiple thereof. 
This is small enough not to give sudden jumps 
in passing from range to range, and large 
enough to be measured without difficulty by 
a micrometer. Its multiples include all the 
integral thousandths of an inch, and it is ; 
conveniently translatable into metric units, as 
0*005 mm. Its multiples therefore include all 
the hundredths and half-hundredths of milli- : 
metres, without involving smaller fractions 
outside the, range of ordinary workshop , 
measurement. . i 

It shotiM In- noted, however, that although toler- j 
aiieen and allowance*, involving only relatively i 


small multiples of 0 (MH> 2 ", can bo translated into 
millimetm; in this wav, the actual diameters, ami 
tlu^ limits of the various ranges, have to he converted 
•by means of the factor J inch 25-4 mm., and conse¬ 
quently do not round ott automatically to convenient 
metric figures. If, however, these larger dimensions 
lx* rounded olf to the nearest 0*005 mm., work con¬ 
structed to the converted tables will in all cases be 
within 0-0025 mm. ( 0 -tHMd inch) of corresponding 
work constructed to the original tables in English 
units, and consequently it becomes possible to manu¬ 
facture with .udlieiently approximate agreement to 
secure general interchangeability between work 
111 : 14(0 on the two systems. 

A number of tolerance systems have been 
put forward, notably by Messrs. Newall 
Engineering Co. (England), ('. E. .Johansson 
(Sweden), J .aid wig Jboewe (Berlin), hy tin* 
B.E.S.A., and by the Swiss ami (Ionium 
Standards Associations, and a comparison of 
all these shows quite remarkable empirical 
agreement, as to the general magnitude of the 
tolerances suitable for ordinary running fils. 

If we decide on a range factor r 0"*0002, 
and make k 1, then the assumption of a 
particular tolerance or allowance on one 
particular diameter is sufficient to determine 
the ranges, and from them all other tolerances 
of the same class. For example, let us suppose 
the tolerance on a 1 j" normal running shaft 
to be <)"(K>I2. This will be in general con¬ 
formity with the t rein I of the various systems 
mentioned. Then (MHil 2 0-0002(1 1 n) so 
that n - 0 , and the lj" shaft must lie in the 
fifth range. If we suppose that it is the mean 
diameter of the range we have D n 
which gives us 

I>" . \ y 2d.? 

or ,s inch, 

and the ranges are, therefore, 0"*l, (>"*2, 
<>"•3 . . . etc. 

This appears to he a convenient series of 
ranges. It has been objected to it that Use 
ranges are short, and the changes of tolerance 
correspondingly many. It should In- noted, 
however, that ayy increase in the length of the 
range (following the same theoretical formula) 
must lx* accompanied by an increase in the 
magnitude of the step, which may be objection¬ 
able in other wavs. And a frequent change of 
tolerance with diameter is not accompanied 
h.v anv increase in the number of gauges and 
tools required, since these are necessarily 
different for every nominal diameter. 

Wo have next to consider the relation of 
tolerance to allowance. It. is frequently argued 
that a somewhat wider tolerance is desirable 
for the hole than for the shaft, owing to the 
greater difficulty in its production. With 
modem improvements in methods of produc¬ 
tion it is doubtful whether this argument 
carries very much weight, anu for the normal 
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miming shaft ami hole I he R 1*\S. A. Committer- I to carry the distinction a stage further. It 
has provisionally adopted equal tolorjinees for ! is not difficult. to devise a. variety of types of 
shaft and hole, wilh an allowance (or minimum 1 indicator of extremely high sensitivity, hut 
clearance) of U times the tolerance. *| m increase*in sensitivity is of no intrinsic 

Accepting the above seiies of ranges, we then ; value unless it can Ik* associated with a 
have for the four limits involved in this class I machine of appropriate design to avoid the 
and grade of work: f occurrence, from any cause, of errors in excess* 

Mux. link- . . . >0-0002(1 [ n) j '>f flu 1 amount which can he indicated, iClorc- 

Atiu. hole . . . o-oooo j over, an ind eat or, in itself, affords no means 

Max. shaft. . . ~ 0 000 :t(l | n) | of actually meurntrimj the differences between 

Min. shaft . . . - 0 -ooo~>( l «) | two objects to he compared. Essentially il 

It is generally agreed also that with increas- j serves only to show that the* conditions of 
ing allowances increased tolerances can he \ measurement have been accurately repeated, 
permitted, and making use of this fact, hearing \ leaving the measurement. itself to he made 
in mind the desirability of maintaining common | by other means. And in this rase it is clearly 
boundaries, and taking advantage of the of no value to have an indicator whose, srnsi- 
poHsibiUlv of liner tolerances on the shaft for tivity far exceeds the accuracy of the actual 
the closer classes of tit, the following series of : means of measurement. The measuring 
shafts may he employed with the normal hole, 1 appl- nice also, whatever form it may take, 
to give <In* results indicated. ! has to*he calibrated. And it would he eqiwdly 

useless to have a measuring 
apparatus capable of reading 
to extremely»high accuracy 
unless means of calibration 
were rlvailablc by which tin* 
values of the readings could 
he established t<> the same 
accuracy, and the design of 
the rest of the apparatus, 
and the conditions of work¬ 
ing. enabled readings of this 
accuracy to he reproduced. 

Indicators a re of two kinds. 
In the one kind, which may 
he called the ‘‘fiducial" 
indjoator, and of which a 
typical example is to he found 
in tin* method of observing a 
It will be seen from this table that the contact by listening to the make and break 


Shaft (values of r \ 

unit trooo I). 


Kit. in Normal 
t'nilateral Mote, 
l.iniits 

r~- i), r - ! 0 0002. 


Kit in Normal 
bilateral Hole. 

r -0 oi’pl, 
r - o oooi. 


Light- driving 
Heavy keying 
Medium keying 
Light keying 
Push 

l Light push or spi 
Sliding 
Ivisy sliding 
Close running 
Normal running 
Kasv running 


| hriviug 
J Light driving 

] Heavy keying 
| Medium keying 
' Light keying 
| Push 

l.iglgt.push or spigoi 
! Sliding 
: Punning 
1 Kasv running 


suggested series of shafts by suitable, selection 
gives a reasonably satisfactory arrangement, 
when taken in conjunction with cither the 
unilateral or the bilateral hob*. And it wou'd 
appear to lie a reasonable proposal to stand¬ 
ardise immediately some such series of shafts, 
and to recommend manufacturers to conform 
to this forthwith, and then gradually to adopt 
the unilateral hole for all purposes, as new 
designs were put into production. In this 
way eventual uniformity of practice might he 
hoped for. 

IX. Dicshjn and Vsk of Mktkoj-’ooicai. j 

AlTVKVH'S * 


of a telephone circuit, we learn only l ' yes ” 
or ** no " : there is no indication given as to 
the amount by which the parts are out of 
contact at any instant previous to the iecci.pt. 
of the signal. The gravity picues used with 
the Whitworth or Pratt & Whitney types 
of measuring machine an* another example of 
1 his kind of indicator. 

In the second, and more common, kind of 
indicator (which we inav term a- “ rvudimj ” 
indicator) a pointer, or spot of light, or some 
similar object, is made to move past a scale ; 
a warning is given by the movement of the 
indicator when the conditions of repetition 
are approaching fultilment, and an estimate 
can he made of the accuracy with which tin* 


§ (\V2) Indicators and Mrasfrkhs. (i.) 
Their Functions. We hs*ve indicated in 
(j (f>) (iv.) t he necessity of keeping a clear 
distinction between relative and* absolute, 
accuracy of* measurement. In designing 
apparatus for metrological purposes, as indeed 
for any precise seientitic measurement, it is 
important to bear this in mind, and, in fact. 


J repetition has been effected. 

In many cases it is possible to ensure the 
^ repetition of the conditions of observation by 
j mechanical or other means, more closely than 
I can he done by the use of the indicator itself. 

| In silcli cases, if suitable means of calibration 
| are available, the role of the indicator may 
| he changed into that of measurer, and the 
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apparatus becomes a pure comparator, capable 
of measuring with high accuracy differences 
limited to the small amounts covered by the 
range of its scale. 1 « 

For the measurement of larger differences, 

# however, special measuring devices, as distinct 
from* indicators, have to be employed. Such 
are the scale and vernier, and, by far the most 
generally employed, the micro*leter screw. 
And it is worthy of remark that practically 
every precise scientific operation redinV^i itself 
in the end to the devising and use of suitable 
means and apparatus by which, the pheno¬ 
menon to be observed can be. translated into 
some form of motion or record measurable 
on a linear scale. The;r are apparent excep¬ 
tions to this rule, tv r, for example, the deter¬ 
mination of electric current by means of the 
silver voltameter. But it is to be noticed that 
cveh here the weighing of the silver deposit | 
redic es itself to observations of the movement j 
of the pointer of a balanee across its scale. I 
The reason foV this, no doubt, is threefold. ; 
Firstly, the mind moije readily conceives the j 
relative magnitudes of objects represented on i 
a simple linear diagram than in any other way. I 
Secondly, the linear scale is continuous — i.e. i 
it lends itself to subdivision by simple means, \ 
and, provided circumstances are such that 
no sudden irregularities in the resides are to 
be expected, this process of subdivision is a 
sufficient means of estimating the smaller 
changes in the quantity being measured, ^ 
without the need of special calibration for 
each point on the scale that may be used. 
Other scales which might be employed are 
less advantageous in this respect. The scale 
of time, though in itself continuous, depends 
for its own representation on scales of length ; 
for example, oil the circumference of the dial 
of a clock, or the length of a trace on a chrono¬ 
graph record. The scale of mass, in its concrete 
manifestation at any rate, is discontinuous, 
consisting of* a number of discrete pieces of 
material whose relationships with each other 
are known, but for interpolation between . 
which it is necessary to build up suitable 
combinations by addition, and finally, for 
the ultimate subdivision, to refer to the 
movement of one of them upon a scale of 
length— the rider beam of a balance- or to j 
the displacement of the beam itself. Thirdly, 
though this has a hearing on experimental 
convenience only in those cases where auto¬ 
graphic records of results are desired, the j 
linear scale is an essential feature of those 
graphical methods which so frequently offer ; 
the most convenient means of describing the * 
results obtained. It thus happens that both ; 
indicators (of the second kind) and measuring • 
devices are almost invariably devised with ; 
the object of reducing the quantity to be i 
measured to some form of linear record. > 


i The screw micrometer is for many purposes 
! the most convenient device for measuring, 

; ,an*d particularly for subdividing, such a 
j record. It is, however, usually more difficult 
! to achieve high accuracy of subdivision by 
any kind of measuring device than it is to 
i do so (over a limited range) by means of a 
reading indicator. The screw micrometer, 
apart from unavoidable imperfections of 
! manufacture, is affected by variations m the 
thickness of the oil film between the screw 
1 and its nut, and its indications, in the most 
favourable circumstances, are not reliable to 
anything closer than O'XHKKJl of direct linear 
movement. An interesting example of an 
instrument combining in small compass the 
functions both of a lidueial indicator and 
measurer is to be found in the micrometer 
microscope, in which the fiducial setting is 
made by adjusting to equality the spaces 
between the image of a moving line, and a 
pair of wires fixed in a frame in the focal 
plane of the eyepiece, which frame is moved 
by a micrometer screw which serves to give 
the measurement of the motion of the line 
observed. 

(ii.) Calibration of an Indicator .—We have 
next to consider the process of calibrating 
either a reading indicator or a measurer. If 
the accuracy desired in any new piece of 
apparatus is no higher than has already been 
attained by other means, it is obvious that 
no difficulty will arise in effecting the necessary 
calibration. But suppose our aim is to achieve 
an advance in accuracy beyond any previous 
attainment. Then clearly we have no pre- 
knowledge of any existing standards which 
will enable us to effect such calibration 
directly. In such case the apparatus must 
be made self-calibrating, and for this reliance 
has usually to be placed on the continuity of 
the phenomena and of their recorded effects. 
It is easiest to deal with this by considering a 
concrete oase— e.g. the measurement of end- 
gauges. 

The process of calibration of the 4" slip gauge 
comparator ('* Gauges,” § (Hi.)) to the accuracy 
of a millionth of an inch, will he typical. We 
assume in the first place that .ve have a series 
of gauges, previously standardised by other 
less accurate methods, whose sizes are all 
known, say, to one hundred-thousandth of an 
inch. And let them include a series 0M000, 
tr-lOOl, ()"-10fe*2 . . . 0"10l0, whose nominal 
sizes differ by (T-0001. We shall assume further 
that none of this latter series is in error by 
more than 0"-0(MK)l, so that their differences 
arc known to be correct, from the previous 
standardisation, within T 0"-00002. In other 
words, we assume that the differences of 
tr-OOOl are known to*be defined, by means 
of these gauges, to an accuracy of ) 20 per 
cent only. A set of gauges giving nominal 
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differences of 0"-00<)l would not be of nuieh 
value unless the differences were accurate at 
least to this decree. t 

The scale of the indicator is capable of 
showing differences up to 0"-0002 as a 
maximum, a movement of the spot of light 
of roughly 3" corresponding to OMJOOl 
movement of the measuring anvil. Our 
first operation is to put up a temporary scale, 
uniformly divided—say to 1/10 inch : we 
then insert the OMOOO gauge in the machine 
and adjust the sliding anvil until the spot 
of light comes to rest on the middle division 
of the scale. Then the ()M001 gauge is sub¬ 
stituted for the OMOOO, and a note made of 
the reading of the spot. The same operation 
is repeated, using in turn the OMOOl and 
t)M002, the 0M002 and 0M()03, and so on, to 
the ()"•1009 and 0"-1010 gauges. The mean of all 
these readings gives a reading corresponding to 
the mean of all the differences OMOOl - O'M000, 
0M002 0M001 . . . OM010 - 0M009 •/.«. to 
oik -tenth of the difference 0M010 - OMOOO - 
and lienee, in accordance with our assump¬ 
tion, to one-tenth of O"-(M>10 -t 0"-00002, or to 
0"-OOOJ i 0"-000002. We then go through the 
same procedure in the reverse order, starting 
with the O'-1010 gauge indicating ill the middle 
of t.he scale, and reducing, instead nf increasing, 
step by stop, and so find a second mean 
reading corresponding with a movement of 
(>"■0001 in the opposite direction, also within 
i 0" 000002. 

If the magnitudes of these two mean read¬ 
ings arc equal we have a first continuation 
that the assumption of continuity and uni¬ 
formity of scale is justifiable. The truth of 
this assumption can be further tested by 
determining the scale interval corresponding 
to 0"-000l at other parts of the scale— e.y. 
from (f'-OOOOf) to | 0*00005. 

We then make a new scale, with three main 
divisions separated by intervals correspond¬ 
ing to the two mean readings just obtained, 
and we subdivide each of these intervals 
equally into smaller divisions each correspond¬ 
ing to (>"-00001, and presumably, therefore, 
representing this amount correctly within 
0' / -000000 3 . One-tenth of one of these 
smaller divisions —i.e. about 0*-03—-then corre¬ 
sponds to 0*00000]. and is easily read by 
tlic eye. If the assumption of continuity and 
uniformity is justified ailv reading ‘taken on 
this scale will then he correct within the same 
proportionate accuracy as the two main 
divisions have been established— i.e. one 
part in 50—and no reading not exceeding 
5 hundred - thousandths of an inch should" 
therefore Unaffected by error exceeding one- 
millionth of an inch due to the basis of 
calibration. • 

We next make use of the machine, with the 
scale so prepared, to carry out a complete 


I new intercomparison of the whole set of gauges, 
from 4" downwards, in accordant e with some 
' scheme such as that described in “(bulges,” 
5 (15). We* must make the assumption that 
the individual errors of the larger gauges 
are not too great to allow all the necessary 
intercomparisons to be made within the yange 1 
((>"•0002) of the scale. Let us suppose that 
the larger gauges (1" to 4") are all correct 
within 1 part in 100,000 of their respective 
length 0 , while those up to 1" are correct 
within O'-OOOOl. Then the largest difference 
which would possibly need to be measured 
in any comparison would be T0"-0000H, which 
might occur in comparing the 4" with the 
1" h3" gauges. 'This .would be measured to 
an accuracy of 0"-()O008/50 =-0"-000001 In 

the mathematical working up of the results 
to d termine the 1", 2", and 3" gauges in terms 
of tluf 4", however, only one-quarter of •this 
error would be associated with the l" gauge, 
and three-quarters with the 3" gauge, and 
similarly with each of the othft* observations. 
'Phe 1"* gauge is thus now determined, in 
terms of the 4" gauge, to an accuracy of 
0" 000000, so far as this source of error is 
concerned. 

If, however, we consider that 0 " 000 (M >1 is 
the limit of accuracy of repetition and reading 
of the machine, this amount would have to 
be added to that obtained above, making the 
I total possible observational error of the 1" 
1 gauge, in terms of the 4", 0"-00000l,,. In 
| addition we have the uncertainty as to the 
real value of the 4" gauge. Our new apparatus 
tells us nothing almut this, and we have to 
accept the former uncertainty, which we 
! assumed was (V'-OOOOl. This is transmitted, 
j pro iota, to the new determination of the 
1" gauge, which finally, therefore, is known, 
in absolute, size, to 0"-(K)0004 ( - 0"-000(K>I, 
-h 0"-(V)0002. i ). as against 0"-00001 previously. 

In the remaining •comparisons, with the 
croups of smaller gauges, no tAtal difference 
between any two pairs greater than 0"-00004 
can arise, .and the possible error of any 
observed difference, due to the imperfect 
calibration of the scale, therefore, cannot 
exceed 0"-000000 H . The calculated value of 
any one of the series of t he gauges of approxi¬ 
mately ,Y,th thickness will be affected by 
the following possible errors : 

jY x 0" 000004 (proportion of absolut e error of 
l"gaugo), 

x 0**000000,, (proportion of absolute calibra¬ 
tion error), 

0"-000001 (error of observation), 

making a total possible error of 0"-000001- in 
the determination of its absolute size, as 
compared with 0-00001 previously. 

We are now in a position to redetermine 
more accurately the calibration of the scale, 
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ami start again. Tt should be noted that I lie 
observation? already made do not need to 
be repealed. All that needs 4o be done is to 
revise the observational values in terms of 
the corrections to the old calibration of the 
scale which can be deduced from the new 
determination of the gauges, and repeat the 
ealeulations. If this process gives rise to 
changes in the Tab ulated values vf the gauges 
exceeding the limit of accuracy of observation, 
it must, he repeated a second time, and so on, 
until finally further repetitions lead lo no 
changes of sensible magnit ude. We then have 
final values for the gauges, determined to the 
best accuracy of which the machine is capable, 
and are at the same time in a position to 
provide a final, and correctly calibrated, scale, 
for the machine, 

In all the above argument, we have taken 
no recount of the improvement in accuracy 
which arises from taking means of a largo 
number of observations. We have considered 
only the limits of error which may enter into 
our results from various sources >n the 
supposition that just sufficient observations 
are taken to make the solution of the problem 
determinate. 

Let us now see what are the essential factors 
of the procedure. 

(u) We must have some means of •effecting 
a preliminary approximate calibration of the 
scale, by the use of quantities previously 
standardised to a lower order of accuracy. 
In the example we have taken we were able 
t-' effect this particularly well, owing to having 
a number of established differences of 0"000l 
of which the sum was known to the same 
accuracy as each individually, and the mean 
consequently to considerably higher accuracy. 
Had this not been the ease, the procedure 
would have been the same, but we should not 
have achieved so good an approximation to 
the correct calibration a* the first attempt. 

{b) The scute must he continuous, uniform, 
and capable of repetition to the accuracy it. is 
desired to attain. This is easily tested by 
repeating the same measurement, a number 
of times, and at different parts of the scale. 
The necessity of this condition lies in the fact 
that by viitue of it alone are we able to sub¬ 
divide our roughly calibrated scale into smaller 
intervals, each of which can he assumed know n 
to the same proportional, and, therefore, to 
higher absolute, accuracy than the whole. If 
the scale he not uniform, progress can only 
be made if it is possible to ascertain, with 
sufficient accuracy, the amount of the devia¬ 
tions from uniformity. It is hardly necessary 
here to discuss in detail the additional com¬ 
plication which is thus introduced. 

(r.) The quantities we use for the new 
standardisation must he correct. within an 
accuracy which enables them to he redeter¬ 


mined by the use of a portion only of the new 
scale, and so to a higher relative accuracy 
tidal that previously existing, by which the 
whole length of the scale was adjusted. This 
would have been absolutely essential to any 
advance had we not started with the initial 
advantage referred to in (a) above. 

(d) For absolute accuracy, except in the 
ease of a direct comparison with one of the 
three fundamental standards, we are dependent 
on the accuracy wi'li which we are able by 
other means to effect the transition from those 
standards. The accuracy then attainable is 
of course proportional to the magnitude of 
the quantity being measured, up to a limit 
imposed by the accuracy of reading of which 
the apparatus is capable. 

It will he found that the above conditions 
apply to a very large number of eases. There 
are, however, other cases in which the means 
of measurement may already be in advance 
of the means of indicating, and where the 
first condition for an inerea.se in instrumental 
accuracy is the provision of a more sensitive 
indicator. One example of such a case which 
readily occurs to the mind is that of reading 
barometric pressure, by comparing the height 
of a column of mercury against a scale. The 
accuracy with which a scale can he calibrated 
and read is at present, far in advance of that 
with which the settings on the* mercury 
surfaces can he determined. 

§ (113) Mand Manui-.uturko 
Acer racy. -The third of the conditions of 
the last section leads to the consideration of 
ai. interesting point. In the measurement, of 
natural phenomena —<.<]. the wave-long!Ii of a 
certain spectrum line >he only limit to the 
accuracy which may be attained (oilier than 
j that imposed by the delicacy of the means 
j of measurement available) lies in the constancy 
I with which it is possible to reproduce* the 
phenomenon. The various spectral lines are 
known to be non-boniogeneous, in varying 
degree, and it is not unreasonable to suppose 
that by varying the conditions of production 
the tem'perature and pressure* of the 
radiating molecule's —a change* in distribution, 

1 and conseMjuentlv in the* mean wave-le*ngth 
of the; line, might, he proeluccd. In this ease, 
i by carefully specifying the* exact conditions 
‘ under which the* radiation is to he* produced, 

: an improvement in accuracy is to he* e*xpoete*d. 
But in measuring manufactured products 
(and such measurement almost invariably 
forms a link in the* chain of operations by 
which any natural phenomenon has to he 
Vieasured) it is clearly impossible, to attain 
! increased tfeeuracy by merely improving the 
j means of measurement. The; accuracy of the 
thing measured must also he; ine*reaseel pari 
i pawn. There* wemld, for example, have been 
• no use in constructing a machine* capable of 
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measuring slij> gauges to 0"-000001 if gauges j 
had not already been manufactur'd with | 
surfaces Hat and parallel within 0"00(H)1. 
Had the surfaces deviated from flatness 
parallelism l>v more than this amount tlmir ; 
thickness would have been so lacking in uni¬ 
formity that they could hardly have been said 
to possess a measurement,' capable of defini¬ 
tion, to the accuracy of (P-OOOOOl. 

lint there may be cases, though they are 
rare, in which greater accuracy is attainable 
by the processes of manufacture than in the 
operations of measurement. A ease in winch 
this condition is approached is to lie found 
in the method of manufacturing slip gauges 
devised by the present writer in conjunction 1 
with Mr. A. .1. C. Brookes, and described in 
“Claugcs,” § (5) (iv .). In this process <S (or a • 
multiple of S) pieces are produced together,each 
of which is necessarily equal, within very fine 
limits of accuracy, to every other of the set.. | 
Theoretically the equality obtained is exact, 
and not the result of trial and error, or gradual 
approximation. 'This being the ease, if the. 
variations between the individual pieces of a 
set arc not measurable by means of the 
apparatus available 1 , an improved measure- j 
ment nf any one of them will he obtained by 
adding the whole 8 together, and comparing the 
sum of them with a standard of 8 times their . 
nominal dimension. Dividing the result of 
this comparison by S, the value of each piece 
is then determined, on the assumption of 
oiunu factum! equality, to S times the accuracy q 
of which the measuring machine is directly 
eapabl •. And it mAy easily lie possible, by 
means of a very sensitive indicator, not 
necessarily calibrated, or even suitable, for 
use as a measurer, to prove that ilie pieces 
are equal amongst, themselves to the accuracy 
necessary to justify the use that lias been made 
of this assumption. 

An improvement in the processes of manu¬ 
facture may thus not merely be of use as 
facilitating the application of measuring 
methods, but may itself actually afford the 
means for unproved measurement. And we 
can carry the idea still further. Suppose we 
iind by observation with a very delicate 
fiihiriui indicator that, by the process of 
manufacture, the equality obtained amongst 
(he individual gauges constructed at one 
operation is better than we have any means 
of measuring. And suppose we •t arry the 
process of manufacture just sft far that, using 
the same fiducial indicator, the sum of the 
set of 8 gauges is exactly in agreement with 
a piece which, according fo our best availably 
met Imd of measurement, is correct. Then 
we know that, !>// lhr pwex* of manufacture. 
we have ffenerateil sizes to an accuracy which, 
for the present, exceeds that with which we , 
are in a position to measure them. i 


Such a reversal was, in fact, almost achieved 
by the method of manufacture in question. 
It was only by a practically simultaneous 
improvement in methods of measurement 
that the latter wen* enabled to !u>lfl their 
own. And at the present time there is little 
to choose in accuracy between the best, 
processes of manufacture and measurement.* 
Of course, exactness of manufactured size 
beyond existing powers of measurement would 
hold no practical utility. But processes of 
manu.Mure and measurement arc both 
continually being improved, and, as we have 
seen, improvement in either facilitates further 
improvement in the other. It is interesting, 
however, to notice that while improvement 
in manufacturing accuracy normafiy follows 
only on the introduction of improved means 
of measurement, this is not a necessary order 
of development. 

§ (fit) Dl.TAILS ok ('ONSTIUTTION. » (j.) 
Ami rue if of Ouith’iaj Surfaces. — In a large 
variety of machines measurements are made 
by the agency of parts movftble subject to 
the constraint of fixed guides, and it is of 
importance to realise the magnitude of the 
errors which may be introduced by the im¬ 
perfections of guides. The guide is usually 
assumed to be straight, and the errors which 
may be introduced as the result of any devia¬ 
tion frdm mathematical straightness may, 
according to circumstances, be of either of 
two types, known respectively as “sine” and 
“cosine” errors. In the former type, which 
is that of most, importance, the error of 
measurement is proportional to the sine of 
the small singular orror between two portions 
of the guide nominally in the same straight 
line—to t> ; while in the latter type it is 
proportional to (1 the Cos <>) i.r. to 0-/2. 
The factors of proportionality, of course, 
dopejid upon the particular design, and have 
no necessary relation to each other, but it is 
usually easy to attain a sufficient, degree of 
accuracy in construction to reiid<*r t he "cosine” 
type of error negligible, and we need only con¬ 
cern ourselves with errors of the “sine” type. 

Probably the most typical instrument, in 
w hich this type of error is of great importance, 
is the cal bolometer, which is used to measure 
distant objects bv comparison with the move¬ 
ments of an observing telescope against a 
scale attached to its guide. The incidence of 
the error is here so obvious, and its magnitude 
may be so great, that all such instruments 
are provided with means for readjusting the 
telescope in each position ill which it is used, 
so that its optical axis is always brought back 
parallel to some fixed direction, independent 
of the. accuracy of the guide, which serves only 
for, rough adjustment. The fine adjustment 
is usually effected by means of a level. 
Another example where a similar type of 
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control is effected by a slightly different I two cylinders is concerned, in whatever 
method is to be found in the optical arrange- | position .along the cylinders it is set (see Fig. 
ments of the 50-metro mural base 1 at the 18), in which the line AA should be free from 


National Physical Laboratory. 

In niany eases, however, insufficient atten¬ 
tion is given to this point in the design of 
measuring apparatus. A notorious defaulter 
in this respect is the ordinary travelling micro¬ 
scope, another variant of which is the type of 
end-measuring machine in whi<*V there is a 
microscope, attached to the,measuring head- 
stock, and reading a scale placed ifi some 
convenient position alongside, for the purpose, 
of measuring the larger movements of the 
headstock while the micrometer screw gives 


rotation in the 

plane of the _ _ 

paper. For A”* r- ; : 
many purposes u—j ; I 

the accuracy n j 

so obtained i 

would be suf- f rj 

fieient. But, “- L-i 

of course, no 1 

workshop pro- Fio. 18. 

oe?s is perfect, 

and it must be remembered that 


the smaller differences. In all instruments 
of this kind there is a sine error, propor- j 
tionul to the angle of bend of the guide in the ! 
plane containing tin* axis of the micrometer 
and the locus of the focal point of the moving 
microscope, the multiplying factor bcitfg the ; 
distance between these two lines. Many such 
instruments profess to give readings to O'OOOOl, 
whereas in practice it is rare to find, and 
indeed extremely difficult to mak°, any 
machine of this type 1 in which errors from 
this source do not amount at least to () /- (M)01. 

The correct solution of this difficulty is 
well exemplified in the type of measuring j 
machine constructed by the Societc Gencvoise 
(sec “ (hinges,” § (71)) in which tin 5 line of 
vision of the microscope lies in the prolonga¬ 
tion of the micrometer axis. By this means 
any error introduced by want of straightness 
in the bed of the machine is reduced to one 
of cosine type, and readily made negligible. 

In the design of measuring apparatus of 
all kinds this principle is fundamental, and 
should al wavs be borne in mind. When 


taken no account in the above argument 
of any bending of the cylinders after 
construction, either by warping of the 
material, under their own weight, or under 
the moving load of the sliding parts. For all 
these reasons this type of design, while fre¬ 
quently offering advantages over the more 
old-fashioned “lathe bed” type, is still only 
to be regarded as an approximation to the 
desired result. 

A much closer approximation to parallel 
motion can bo obtained, when the amount 
of movement required is quite small, by the 
system of supporting the moving part on 
two parallel spring steel strips, as described 
in the article “Ganges,” § (82). in connection 
with the moving barrel of the -1 -in. “millionth” 
comparator. Provided side-way forces are 
kept within suitably small limits this type of 
support gives a perfectly parallel motion, 
though there is a slight bodily translation of 
the part in a direction perpendicular to the, 
principal movement, since every point of the 
body moves, not in a straight- line, but in a 


dependence is placed on parallel motion along 
a guide, either provision should be made for 
cheeking and adjusting the maintenance of par¬ 
allelism, or preferably, if this can be effected 
without undue complication, the motion to 
be measured and the means of measurement 
should be brought into the same straight line 
—not into two nominally parallel ones. 

Two devices may be mentioned bv which 
the accuracy of such motions may be improved. 
The introduction of cylindrical grinding into 
the modem tool-shop has made it possible 
to produce highly finished cylindrical surfaces 
of great accuracy, whose axes are necessarily 
straight, oven though their surfaces may not 
be quite uniformly parallel. If a sliding piece 
in the form of a double vee rests on such a i 
cylinder, with some further guide (os for j 
instance a flat resting on a second similar 
cylinder placed with its axis parallel to that, 
of the first), it should theoretically remain 


small arc of a circle. 

(ii.) "Geometric" and "Engineerin'}'" 
Methods of Constraint .—It is frequently ne¬ 
cessary, in the construction of all kinds of 
apparatus, to find means of locating one part 
definitely in relation to some other part. 
Two entirely distinct methods are available 
for achieving the desired result. 

(a) The two "parts may be carefully fitted 
to each other, so as to bear upon each other 
over considerable areas of their surfaces. This 
may be termed the “ Fngincering ” method. 

(h) The. connection between the parts may 
he limited to the minimum that is necessary 
to proven;• relative movement between them 
without imposing any restraint other than 
that which is mathematically required to con¬ 
trol the various possible degrees of freedom. 2 
This, theoretically, demands only the fixing 
df three points in the one part in relation to 
the other, find is termed the “Geometric” 


parallel to itself as far as motion in a plane method. 

parallel t.o that containing the axes of the • A familiar example of fhe geometric method 
1 See “ Surveying Tapes and Wires,*' $ (7). 2 See “ Scientific Instrument*, The Design of.” 
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is found in the well-known method of locating 
the three feet of a tripod by means of a hole, slot, 
and plane, or, preferably, by means of three 
slots radiating from a centre. The reason 
for preferring tin? latter variant is twofold. * 
Firstly, since the foot and its hole cannot, in 
practice lx* mathematical points, we must 
regard them, for example, as a sphere seated 
in a conical cup, and making line contact 
along a circle, instead of point contact, as 
required by the theory of the system. If 
either the sphere or the cone bo slightly oval, 
the contact will he on two points only, and 
equivalent not to a point constraint, but to*a 
line constraint such as that, given by a slot. 
This foot then, instead of being definitely 
located, will have one degree of freedom remain¬ 
ing, of very short, range, it is true, but none 
the less to this extent t ho registration of the 
two parts will he indefinite. Secondly, as 
a matter of manufacturing convenience, the 
three slots can all be made identical, and the 
three feet of tin* movable part can conse¬ 
quently be brought easily to register at the 
same distance from any desired reference 
plane on the fixed part, whereas the hole, slot, 
and [»Iane have to he made independently of 
each other, and their different distances from 
the reference plane carefully adjusted bv no 
means an easy opotation in order to achieve 
the same result. 

1 1 may be noticed that had our conical 
hole, instead of being nominally circular in 
section, taken the form of a hollow three- 
sided pyramid, the bearing of the spherical 
foot in it would have been quite definite, oven 
bad the sphere been imperfect. Such a hole, 
however, is considerably more difficult to 
make*. 

This brings us to an interesting mathe¬ 
matical relationship governing constraints of 
this type. When a body is free in space it 
has six degrees of freedom three of trans¬ 
lation, and three of rotation. Fvery point- 
contact math' on a plane destroys one of these 
degrees of freedom. To fix a point involves 
three such contacts (as in our pyramidal hole*), 
and the body has then left, only* the 1 freedom 
of the three 1 rotations about, this point. 1 he 
sphere' resting in the* V-groove or slot destroys 
two of these, leaving only freedom of rota¬ 
tion about, the line joining the centres of the 
two spheres, and the last contact, on the 
plane, destroys the last [Possibility <*f move¬ 
ment, and completes the constraint. In the 
case of the t,hive-slot arrangement, each slot 
destroys two degrees of freedom, making six 
in all. • 

It. must, he noted that in the hole, slot, and 
plane arrangement tin* slot must not he 
perpendicular* to the line joining t he feet 
which rest in it and irk the hole respectively, 
while in the: three-groove arrangement the 


grooves must, not all he parallel to each other, 
otherwise it might be impossible to make all 
three feet register simultaneously, and even 
f they did, one degree of freedom would 
rj main uncontrolled. 

Geometrical constraints are often employed 
also for the control of moving parts--a typical 
illustration being the ease of the slide on^two ‘ 
parallel cylindrical bars referred to in the 
last section. ft r Il e slide in this ease* (/•/;/. IS) 
has fi a points of 4 contact-, two between each 
V anel -he first cylinder, and one between flu* 
plane And 1 lie second cylinder. The*n* is thus 
but one degree of freedom left.- that of trans¬ 
lation parallel to the axes of the cylinders. 

It is necessary in the elesign <>f piveisiem 
apparatus to pay careful attention to the type 
of constraint most suitable for any particular 
connection. Theoretically the geometrical con¬ 
strain! is ideal, and has the great advantage 
for ecifain purposes that it can very readily 
lx* removed and replaced in exactly the same 
relative position as before. On the other 
hand, it, manifestly lacks the*strength and 
resistanqp to wear of the “ engineering ” type 
of constraint. Where flic re is any consider¬ 
able load on a slide the geometrical type is 
also velv difficult to keep lubricated. Tin* 

“ tit *’ of two parts to bo related by the 
engineering method may be a source of 
considerable difficulty. The* bed of a lathe, 
for example, even if if is of uniform section 
to start, with, is liable to wear more at one 
part than another, with the result that after 
a time it. becomes impossible to adjust the 
saddle so as to fi, equally all along the 1 raverse. 
Moreover, yie large Rearing surfaces involved 
cannot, he expected to make contact all over, 
and the fact that there are a large number of 
points of contact in excess of the live necessary 
to give complete location leads to more or less 
uncertainty as to the exact position which the 
saddle* will take up on attempted repel it ions 
of the same selling, t 

Jn (he ease of fixed connection* the impossi¬ 
bility of ensuring uniform contact all over 
the surfaces concerned involves a certainly 
that the two parts, when bolted together, will 
be more or less strained, and there is no 
guarantee that after dismantling ami re¬ 
assembling the bolts will be equally tightened, 
and the same conditions re-established. And 
if they were, any variation in temperature 
between the two parts would lead to mutual 
straining of uncertain nature and amount. 
In eases where such considerat ions may be of 
importance, the geometrical connection is to 
be preferred. 

In the case of sliding parts the theoretical 
perfection of I he geometrical method is 
somewhat off-set by the fact t hat, the surfaces 
on which the sliding takes place are not 
of mathematical accuracy, and the contact 
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points are likely to find minor hollows and 
irregularities which the surface contacts of 
the engineering slide would bridge over. As 
a matter of fact, partly for this reason 
and partly from considerations*of wear, the 
nominally geometrical slide rarely depends 
on actual point contacts. A compromise 
may be made by the use of intermediate 
<k slippers,” an example of which is indicated 
in Fiy. It). Each slipper i.-. designed to bridge 



I ic. to. 


the minor irregularities of a small., portion 
of the "track”; it is free to take up what¬ 
ever position on the track it desires, and the 
slide is definitely located from the slippers by 
means of the three spherical feet which rest 
in conical holes on the upper sides of the 
slippers. 

(iii.) Friction and Fried uni V.sw Motion*. — It 
is often of importance, in order to ensure 
precision of repetition, to pay attention not 
merely to the geometrical properties of the 
constraints involved in a mechanism, but also 
to the elimination, as fa»' as may.be possible, 
of all sources of friction. Even in the absence 
of “backlash,” frktion may prevent an 
apparatus from recording the same, reading, 
under nominally identical conditions, after a 
reversal in the direction of motion. Its effects 
arc attributable to the variations it introduces 
in the forces at won 1 :, and to the elastic 
properties of‘the parts affected by these forces. 
The combination results in a jerky step-by- 
step motion, like that of a taut rope slipping 
round a bollard, which puts a limit to the 
accuracy w ith which any part iciilar observation 
can be repeated, and at the same time defeats 
the desideratum of continuity to which we 
have referred in § {\V1). 

Various methods of reducing the effects of 
friction are available. In the ease of rotating 
parts, the frictional torque depends on the 
radius of the bearing, and. if no great st rength 
is needed, can be very considerably reduced 
by reducing the diameter of the bearing circle 
—for instance, bv the employment, of very f 
small conical-pointed pivots. 

Another well-known device for reducing 
rotating friction is the friction wheel, used, 
for example, in Attwood's machine for measur- 


| ing the acceleration due to gravity. This is 
capable of dealing with larger loads, and 
consists essentially of a wheel and axle rolling 
. it! the angles formed between two further 
pairs of freely turning wheels {Fiy. 20), It 



Kid. 20. 


depends for its success upon a double reduction 
of the frictional effect, by the product of the 
ratios of the diameters of the axles to the 
diameters of the wheels. 

This result in its turn depends upon the 
fact, that rolling frieliou is very much less 
than sliding friction, a fact which is also made 
use of in various other ways. The most 
obvious examples of such use are to la* found 
in tin 1 many types of ball and roller journal 
and thrust bearings now on the market. 
These give the most satisfactory results in 
eases where ease of rotation is required under 
very heavy loads. 

In tin 1 ease* i f sliding motions, if frietionless 
movement is a desideratum, the engineering 
type of constraint becomes impossible, and 
we are bound to use the geometric method 
modified by the insertion of balls or rollers 
to minimise the effort at the points of contact. 
A typical example of how this may be effected 
is shown in Fiy. 21. 

The slide A moves on three halls, two 
resting between one vec in tin* upper surface 



of the bed and a second vee in the lower sur¬ 
face of the slide, and the third between a 
second vee in the bed and a plane on the 
slide. This arrangement gives complete geo¬ 
metrical constraint to the slide, with freedom 
of movement only along the bed. Jt. is to be 
noted, however, that we have reverted here to 
actual i >int-and-plano contacts, so that any 
blemishes in tVa* various surfaces involved will 
be reflected in irregularities of movement of 
the slide, ami if the maintenance ot parallelism 
is of importance,*great attention must, there¬ 
fore he paid both to the perfect sphericity 
of the. bails used, and to truth, smoothness 
of finish, and freedom from minute holes, 
of the surfaces of the vees and flat. The 
ordinary steel balls of commerce are fortun- 
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ately remarkably good as a rule, in respect of | imposed, according to circumstances, either 
sphericity. For accurate work the «urfacos | by the amount of variation which can he 


permitted in the forces actuating the niuve- 
f this variation that 


should he made of hardened steel, carefully 
polished and lapped. Fast-iron is too liable | ment (it is only by virtue 
to minute cavities. The lapping of the Vees ' 0 
can very conveniently he eth'Cted by means 
of laps in the form of long cylindrical rods, of 
the same diameter as the halls which it is 
intended to use. in this way just that 
portion of the surface is trued up which will 
eventually he employed. Only the lina! 
lapping should, ho never, he done in this way, 
as if any appreciable cylindrical groove is 
formed the halls will have to slip, as well 
ns roll, and some degree of friction is again 
introduced. 

Where only small amplitudes of movement 
arc needed, there is an entirely different 
method of dealing with the problem which 
may he said practically to eliminate friction 
entirely. This is by the use of elastic suspen¬ 
sions. We have already mentioned (§ (2fl) 

(i.)) the method of obtaining a very accurate 
parallel motion hv means of two parallel 
spring steel strips. Such a constraint is 
completely free from friction, except- for the 
verv small elastic hysteresis which may he 
present in the material of the springs, or for 
possible creeping of the springs in their grips. 

The latter may he avoided by careful work¬ 
manship, or even by soldering the springs into 
place after adjust ment. 

The same principle may also he applied 
where small angular movements are required, 
by the system of crossed spring suspension, ! 
also utilised in the “millionth” comparator j 
(“Gauges,” (71)). Referring to Fit). 22, A is J 
an arm which is j 
I required to have a j 

slight rotation only 
relative to a base 
B. It is supported 
by means of the 
two springs S,, S 2 
rigidly attached to 
both arm and base 
in 1 he manner 
shown. Rotation 
occurs by the bend- 
of the springs. 



It is immediately apparent that the initial 
motions of t hr two points, l\ Q, each half-way 
th.ough the thickness of i{s respective spring, 
are in the directions l‘/>. Qq, and hence that 
the instantaneous centre of rotation of the 
arm A is at (', the intersection of the neutral 
axes of the two springs. £ig. 22 sullicientlv 
indicates that for a considerable amplitude 
of movement the motion is one of practically 
pure rotalioiifahout this original centre. 

Both types of spring constraint may he 
made of robust, construction; hut the limit 
to the amplitude of movement possible is 


I'm. 2:i. 

the flexure of the springs is effected) or by the 
necessity of keeping within the elastic limit 
of the material of the springs themselves, 
in order to avoid their eventual breakdown 
by fatigue. Naturally,, (lie thinner and less 
robust, the springs, the greater latitude there 
is in each of these directions. 

§(25) Fi.astkti y ok Pauts. - This may 
be a source of trouble unless due account is 
taken of its possible elicits in design. A 
balance, for example, with too slender a 
beam, will exhibit very varying depression 
of its centre of gravity below the line of the 
•centre knife-edge, consequent on its changes 
of flexure. In some designs of apparatus for 
measuring cylindrical gauges, the attempt is 
made to transfer fro'/n external measurements 
by processes involving a change in the direction 
of pressure of a feeler arm, with the attendant 
risk of a change in flexure of the feeler 
invalidating the results. Or moving loads may 
cause distortions of parts of a machine intended 
to remain constant, and so introduce errors. 

All such matters ha^e to be guarded against 
in the evolution of any new design. But 
although elasticity may he an enemy, wo have 
also seen how it may he made a friend. The 
frictionless elastic motion, as applied to an 
indicating mechanism, allows us to feel 
absolute* confidence in the continuity of the 
indications ; and although the frictional 
resistance* to movement- is replaced by an 
elastic one* varying with the amount of the 
move*ment, this variation is also continuous, 
and repeats itself with accuracy, so that its e>nly 
disadvantageous result can he nothing worse 
than a slight deviatiem from uniformity of se*alc. 

By a suitable* proportioning of parts it is 
possible* to make a ee»mple*te* mechanism of 
very high sensitivity, depending solely on its 
own. internal elastic deformations. It is 
precisely this device which is cmpletyed in the 
millionth comparator. 

2 S 
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Another and very .simple device, in which 
the same principle is involved, is indicated 
in Fit/. 24. * An elastic spider, with a scale-pan 
at the centre of its upper surface, vertically 
above a suitable contact point, rests by three 
insulated feet upon a surface plate. A gauge 
to be measured is placed on the surface plate 
beldV the contact point, and the scale-pan 
loaded with weights until contact is just 



untile, as indicated, for example, by sound 
in a telephone receiver. The gauge being 
replaced by a standard of known size, and the 
operation repeated, the difference of the 
weights in the pans gives a measurp of the 
difference in thickness between the gauge 
and the standard. For quantitative measure¬ 
ment previous calibration by means of a series 
of standards of known size is necessary. By 
increasing the stiffness of the spider any desired 
degree of sensitivity may be attained, of course 
at some sacrifice of amplitude of range. 

§ (:i0) Indicating Devices, (i.) Cunrcrsion 
of Linear to Atnjular Mora went. This is a 
problem of continual recurrence, which is 
worthy of some attention. The diagrams of 
Fi</. !?.-> represent three alternative possibilities. 
In each, t he part P is supposed to have a linear 
movement along the axis XX, while the part 
Q has a rotation about an axis, perpendicular 
to the plane of the paper, at 0. The thin 
lines represent the initial, or zero, position, 
and the thick lines a position in which Q is 
rotated through an angle tf, corresponding 
to a linear -movement, x , of P. h is the 
distance from 0 to XX, which is the line in the 
direction of motion of P which passes through 
the point of contact in the zero position. 
Taking the eases in turn, wc obtain the 
following relations between x and tf: 

(a) x ~ li tan tf - r (sec 6 — 1), 

(b) x-h sin tf, 

(c) x -- h sin 0 - z 

- h sin tf - r tan ^ «in tf- 

If the motions involved are only small wc 
may rewrite these, as fur as the second or 
third power of tf, thus 

(а) x~hO-\rO 2 . . (no term in tf 3 ), 

(б) x~hO . . . ~}.h0 3 , 

(c) x=hd-\rO*-\hO\ 


As was to be expected, if we neglect all power,* 
of tf above the first, we see that the ratio (l/x, 
f oje initial movement, is the same in all three 
' cases. 

All three types of mechanism are required 
to meet different eases that may arise. It is 
evident that if constancy of magnification 
over an appreciable range of movement is 
the prime desideratum, type (b), which does 
not involve any term in tf 2 , is to bo preferred. 
Types (a) and (r) Vad to the same result in this 
respect, and the choice between them will 
n xt on other circumstances. 

If r can be made extremely small, ».«. if the 
contact is in the nature of a sharp point or 
knife-edge, then A-rtf 2 may be negligible in 
comparison with }h0 9 . In this ease type (r) 


0 



(C) 
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becomes’equal to type (/>), but type (a) with 
no term in tf^ has the advantage. But a 
point or knife-edge conflict suffers from the 
disadvantage of . t being readily deformed 
elastically by the forces which may be at work, 
and also, from the liability to permanent 
damage, which is easily produced by the 
presnirc or rubhmg of such a contact. 

It should bo noted, however, that type (/>), 
while preferable to (a) or (r) on the ground 
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of constancy of magnification, is inferior in I 
another respect. Types (a) and (c), s«i far as 
initial motions are concerned, operate with ji I 
pure rolling contact, whereas in type {b) there | 
is slipping at the surface of contact. 

If we calculate y, the distances along the ; 
surface of the plane in each case, between the 
initial and final positions of the point of 
contact, we get the following results : 

(a) y - r tan 0 - h (sec 0 -1), 

(b) y = h( 1 - cos 0), 

(«) y - h( 1 - cos <>) + r sin 0. » 

In each case the cnrresjioiuling ilistanre alone 
the surface of the sphere is rll. lienee, sub¬ 
tracting, anil retaining only t he lira! two pow ers 
of ll, we yet for the distance through which the 
sphere has slid on the plane, in the three eases, 
respectively : 

(a) UiO"-, 

(b) i'll — 

(<■) 

1'or small displacements from the zero 
position the amount of slip is, therefore, 
proportional to the movement in case (6), 
whereas in cases (") and (< ) it may Is- reduced 
to a negligible amount- provided the- angular 
displacement is sullicicntly -small. 

The objection to any sliding motion is, of 
course, the fact that friction is introduced, 
and that thereby the action of the mechanism 
becomes discontinuous and uncertain m 
greater or less degree. Theoretically, suppos¬ 
ing tlm parts were absolutely rigid, even the 
small slip which occurs in cases (u) and (<■) 
would be sullioirnt to introduce friction. Hut 
actually the parts are not. rigid, and a certain 
amount of elastic distortion has to lake place 

in the neighbour!.. of tlm point, of contact. 

before relative displacement occurs. And it 
the whole amplitude of motion he so small 
that, slipping is not. initiated, the mechanism 
as a whole behaves elastically, and the ftic- 
tional dillieuities do not, arise. 

ft might appear that this was an impractic¬ 
able limitation, but it is not so in practice, 
where very line movements are concerned. 
Contact of'type (r) is used to operate the hell- 
crank level- oil the 4-inch “ millionth ” com¬ 
parator. In this ease the amplitude of the 
linear movement is re 0-0001 in., and the 
dimension h - 5 in. 0 therefore Varies between 
H 1/50(10, and IM- 0 000,000,01 in. only. 
This is of the order of magnitude of the 
diameter of a single molecule of matter, and 
consequently may well he supposed to he 
within the limit, required for such a purpose as 
that envisaged ill tile present problem. It 
must however, be rcaliScd that the amplitudes 
of motion of which this is true are really 


extremely small, and care must he used in 
applying the principle. 

Another type of device for converting linear 
i ft to angular motion, in which greater ynipli- 
tiide of movement, still purely elastic in 
character, is possible, has been devised by 
Mr. R. M. Eden, and is shown in Fig. 20 («) m 
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and (/->)- A is a fixed part., It a moving part, 
each rigidly connected to c by means of thin 
spring sUel springs, as indicated. In the 
displaced position, as shown at .(b), each of t he 
springs, to a first approximation, is bent into 
the are of a similar circle, and, if a he the 
•listance between the springs, and .r the move¬ 
ment of 1» relative to A, then it is evident that 
for small displacements 

x—a sin 0. 

'Phis mechanism has one great advantage, in 
that it is possible to make a very small, yet 
definite, and so to obtain very high magnifica¬ 
tion olf the motion, while the element of 

friction is eliminated. * 

In each of the three contort 1 • mechanisms 
illustrated in Fig. 2. r », the pivot-, according to its 
purpose, and to the accuracy desired, may be 
of either journal, cone-point, or " crossed - 
spring ” typo. (>r, as is frequently convenient, 
particularly where the rotating part is not 
required to transmit any force (as, for example, 
when it simply carries the mirror of an optical 
lever), it may he supported by a geometrical 
constraint. Fig. 27 {a) shows one method of 
achieving this result, and needs no further 
j description. Fig. 27 (b) indicates a con¬ 
venient variation of design for the same 
purpose. 

(ii.) Magnification of Li war Motions by 
Merhanicoi Lcrcrs. -If we regard any one of 
the Rotating elements of the pairs considered 
I in the last section as being the short arm of a 
1 rigid lever, pivoted at the fulcrum ; and if at 
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the end of the longer arm of (lie aatno lever I 
(which may he either straight or bent) we ' 
provide another such mechanism—either of the • 



same type, or of one of'the other types, accord¬ 
ing to the purpose we have in view,—hut 
arranged to function in reverse order, we can 
reproduce the original linear motion, magnified 
by a factor depending on the ratio of the lever 
arms, at the free end. Referring to the 
formulae for the conversion from linear to 
angular movement, ue see that if mechanism 
(/;) is employed, we shall invariably get a 
constant mairnilieation, independent of the 
amplitude of motion. l>ul if type (a) or type 
(c) are used, this will no longer he the ease, 
unless rj/t is the same at each end of the lever 
- -a condition which ordinarily would involve 
using an inconveniently big sphere at the end 
of the longer arm. If, however, the amplitude 
is only small, types (a) or (r) give a sufficiently 
good approach to constant magnitieation, and' 
as may lie seen from the identity of their 
approximate formulae as far as the term in O' 1 , 
are interchangeable in r their effects within 
reasonable, limits. 

Probably the best example of the application 
of pure mechanical lever magnification to the 
problem of line measurement is to be found in 
the machine, constructed by Dr. P. R. Shaw, of 
Nottingham University. 1 In this machine a 
series of six levers were arranged in series, to 
give a total mechanical magnitieat ion of 1000 : I, 
the amplified movement being read by a 
micrometer, so that indications of the order of 
10'" inches could be observed. 

(iii.) The Optical Lenr. In many cases 
where high magnification of small movements 
is required, the inertia and elasticity of 
mechanical parts proves a serious incon¬ 
venience. In other cases, a.fj. galvanometers, 
etc., the force, available for producing the 
angular rotation is often insufficient- to permit' 
of any mechanical means of magnification 
being applied, in such circumstances the 
optical lever may often be very advantageously 
employed. In t his device a small mirror fixed 
to the rotating member reflects a beam of 
light. Two alternative methods of observation 

1 Phil . Proc ., Dec. 11)05, lxxvi. 350. See also 
“Gauges,” §(75). 
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may be used. In the one, a scale and telescope 
are placed in front of the mirror, and the scale 
observed through the telescope. As the 
l' mirror rotates the 
l scale appears to 
j move past a fixed 
I cross-line in the 

eyepiece of the 

telescope, and a 
j reading of the 
; position of the 
; rotating member 
} ix, thus obtained 
| (Wff. 2K). 

j In the other variant of the method, an image 
I of an illuminated cross-wire c is formed upon 
the scale by means of a lens L, situated 
between it, and the mirror, and arranged so that, 
the lays converging to form the image arc 
intercepted and reflected by the mirror, with 
the result that as the mirror rotates the image 
moves along the scale (I'iff. 2ff). The cross¬ 
wire can very conveniently he illuminated by 
stretching it in front of the Jens of a small 
collimator, at (lie focus of which a suitable 
lamp is situated. The “ Pointolite ” tungsten 
are lamps, made by the Rdisuan Company, are 
ideal for the purpose, particularly where a 
brilliant image is required for reading on an 
opaque white scale, in daylight; but they are 


Fig. 2'.). 
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somewhat expensive. The rays of light then 
proceed as a parallel helm up to the lens R, 
and if this is placed at a suitable distance from 
the mirror, and the latter is of appropriate size, 
the whole of the light is used, and a bright 
image results, 

The lens L may he in any position between 
U and M, and ;is a limiting ease it is possible to 
suppress it altogether, and to substitute for the 
piano mirror a concave one of suitable focal 
length to form an image at the desired distance 
of the scale. It frequently occurs also, if a 
silvered glass mirror is used, that a “ ghost ” is 
produced by the front surface of the glass. 
This is inconvenient, and can he avoided by 
silvering the front surface of the mirror, but if 
this be done the mirror is very easily damaged, 
and deteriorates rapidly by tarnishing. A 
very convenient method of avoiding the diffi¬ 
culty, which the writer has employed with 
great success, is to form an effectively concave 
mirror by silvering the plane surface of a small 
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plano-convex lens, placed with its convex side [ 
towards the lamp and scale. The foe^J length ! 
of such a mirror is half that of the original lens, j 
so that there is no difficulty in specifying the J 
lens required. It should be remarked that the " 
suppression of the separate lens L in this 
manner is only practicable for small deviations 
from the normal. If large deviations are | 
involved the concave mirror suffers from the j 
defect of marked astigmatism, which is ; 
avoided with the separate lens and plane : 
mirror. 

It should be noticed that, owing to (lie ) 
simple law of reflection, that the. incident and i 
reflected rays make equal angles with the I 
normal to the mirror surface, the angular : 
movement of the optical lever is twice that ol 
the mirror. This in itself is an advantage, as 
it gives immediately double the magnification 
obtainable by a mechanical lever, further 
advantages of the optical lever arc that, being 
weightless, it oilers no resistance* to the motion 
being observed : the moving part can conse- j 
qucntly he made extremely light, which for ' 
many purposes is of importance ; it is install- , 
taneous and dead heat, and since light moves 1 
in perfectly straight' lines under such conditions , 
as obtain in its employment for this purpose, it 
is absolutely rigid and can consequently he 
made with a very great length <>f arm, without 
detriment to its action, and with corresponding 
increase of inaguifiealioii. 

1 1 l using any kind of indicator it is usually 
necessary in some way I" form an estimate ol- 
the fractional parts of the smallest subdivision 
of the scale. Where mechanical magnification 
alone is involved, a vernier can sometimes he 
introduced 1o facilitate this. With an optical 
lever a vernier cannot conveniently he em¬ 
ployed, blit there is an alternative method of 
obtaining an even more effective subdivision. 
Referring to /’/;/. 30, the scale is prepared with ; 
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six horizontal lines, and a number »f diagonal 
lines representing the smallest subdivisions. 
The spaces between the horizontal lines should 
be approximately equal to those between the 
diagonal lines. The imajjb of the cross-line is 
arranged to fail across the scale in a vertical 
direction, ;yid as will he seen frofft the figure, 
the tenths of the subdivisions are very clearly 
defined by ascertaining on which, or between 
which, horizontal lines of the scale the vertical 


cross-wire cuts the diagonal. As drawn, the 
reading is 0-17. 

When it is considered sufficient to estimate 
Ihe fractions of the subdivisions by eye, careful 
attention sluftdd be paid to the proportions of 
the scale. It is unnecessary, and in fact very 
undesirable, to have long lines to indicate the 
smallest subdivisions. Fi<j. 31 (u) sho^s a* 

1 1 111 1 1 1 1 1 i 1 1 1 1 1 11 1 111 1 1 11| 


(«) 



(*) 


t no. 31. , 

properly proportioned scale. The lines indicat¬ 
ing the smallest- subdivision* are equal in 
length to the space, between them. The lives 
and tens alone are picked out with longer lines. 

31 (b) shows what is known as the “ pali¬ 
sade '"'effect, due to the division lines being too 
long in proportion to the spaces. If. is very- 
bewildering and trying to the eyes to have to 
take many readings mi such a scale. 

(iv.) FropnrtionuUUj of Settle .— In consider¬ 
ing the functioning of any typo of indicator, 
another point which has to he borne in mind is 
the uniformity or otherwise of the magnifica¬ 
tion at dilfivent parts of the scale. It is 
manifestly convenient in such cases as we have 
been discussing if a comtunt maguilieation can 
be maintained, so that equal spaces, throughout 
the length of the scale employed, represent 
equal increments of tin* quantify measured. 
In some cases (e.;/. certain types of electrical 
meters) it is convenient to have a variable 
magnification, so tha^, for instance, the initial 
movement of the indicator, eoresponding to a 
comparatively large measurement, occupies 
only a short length of the scale, while over a 
relatively short range, in the region where 
readings are ordinarily required, a more open 
scale is obtained. Even in such eases, however, 
it is desirable that the open part of the scale 
should he as uniform in spacing as possible. 
Then' may also he eases in which, from the 
very nature of the indicating mechanism, a 
uniform scale is not possible. In such cases, 
the scale has of course to he specially calibrated 
at intervals more or less frequent, according to 
the degree of variability in magnification which 
may he present. 

If we are dealing with a simple lever, and 
the angular rotation is proportional to the 
quantity measured, then, if a straight scale is 
employed, the displacement along the scale 
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will ho proportional to tan 0 for n mechanical 
lover, or to tan 2(1 for an optical lover. If, 
however, q circular scale he used, with its 
centre at the centre of rotation of the lever, 
then (he displacement on the scale is propor¬ 
tional to 0 simply, in either ease, and the 
desired result is obtained. When very large 
' amplitudes of movement are involved this is 
usually the only solution for the ease of uniform 
angular movement of the lever./ And it may 
be. remarked that the constant length of 
pointer in the case of a mechanical 'lever, or 
the question of focus in the case of an Optical 
one, makes a circular scale practically essen¬ 
tial, except for small amplitudes. 

Kcverting to the three mechanisms described in 
section (i.) above, wo may Vo peat the equations 

(//) x — hd-\r(> 2 . . . (no term in 0 3 ), 

(l>) x~hd . . . -\hd\ t 

(c) x-fiti-b-t ) 2 - IJiti*. 


J doubling h in the eases where the optical lever is 
: employed. If at the same time we write 0 = </>/2, 
then for the same total amplitude we shall have 0 max. 
! (Mechanical) </> max. (optical). We then get the 
I amended results for optical levers: 


(b) 


(<•) 




J -f 


1 (« WV ' • O' 


It is thus apparent that for the same magnification 
and range of motion the optical system gives a 
slightly less distorted scale than the mechanical, 
e\en when rjh is negligibly small and the distortion 
depends on <{>“. If rjh he considerable, then, the 
distortion depends on the term in r</>//i, and. except 
in type (/>), the mechanical system gives four times 
as much deviation from a uniform scale as does the 
optical. 


If d be the defection on a straight sc:ilc corresponding ; 
to an original motion ,r of the plunger, after trails- ! 
mission through the agency of the rotating arm of i 
length 1), 

(P 

d--J) tan 0 — l)d I) ^ for mechanical lever 
tfi 

— D tan 20 — 2l)f) 81)— for optical lever. ! 

lienee in ease (a) 


d 2 l! I) 
;c h 
In ease (h) 


‘ G : .».)*' ■ ■ ■) 


| ruecha 


d 2 21 ) 


l\ )/, 3d 2 \ 

it \ ,• •••)••'. . 
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J x l) 
j: ' h 


d 2 21 ) 
h 


(' g ■ 


I mechanical, 


)., .. .) 


•ptical. 


From the above equations it is evident that, except 
in cases where it is possible to make r;'2h very small, ; 
type (h) has the advantage over types (<i) and (r) ■ 
os far us concerns the range over which a reasonably ; 
constant magnification is obtained. It is to be [ 
noticed that in every case the coefficient of 0~ is 
essentially positive. Consequently it is not possible 1 
by any means to obtain an exactly uniform scale 
over any extended range. 

A somewhat fairer comparison between lho j 
mechanical and optical systems of magnification ! 
is perhaps obtained if we aim at the same total j 
magnification in each case. This is obtained by I 


For an optical indicator a straight scale is usually 
convenient. 

(v.) Various Other Types of Indicator .— 
Many other types of indicator tnay be employed 
in addition to those just discussed. Most of 
these are described, in connection with speeilie. 
pieces of apparatus, below, and we need do no 
more than refer to them here. 

(a) The Gravity Piece.-- This is a purely 
fiducial indicator, used in conned ion with the 
Wliil worth and Pratt and Whitney type of 
measuring machine. 1 

(h) The Tilting Level.—This is a reading 
indicator, used, for example, on the Newall 
type of measuring machine, 2 and, in a special 
manner, on the new sensitive gauge comparator 
devised by Mr. A. J. C. Brookes/ 1 The tilting 
level is a reading indicator, and provided the 
bubble tube is accurately ground, gives a 
uniform magnification over its somewhat 
limited range. 

(c) The Liquid Indicator, exemplified in the 
iTcstwieh gauge, 4 in which liquid contained in 
a receptacle closed by a flexible diaphragm is 
forced by the Motion of tile diaphragm to rise 
and fall in a capillary tube. The uniformity 
of scale in this ease depends on the nature of 
the diaphragm. Very high magnifications can 
readily he obtained, as the ratio of magnifica¬ 
tion depends on the ratio of the areas of the 
diaphragiy and of the capillary section of the 
tube— i.e. on the square of the linear ratio of 
their diameters. The thermal expansibility, of 
the liquid is, however, a drawback for any 
purpose involving orotracted time intervals 
between successive observations. 

(d) The Telephone Contact.—Used by Dr. 
I*. E. Shaw in connection with his multilever 

1 " (bulges,” § (73). 1 Ibid. § (72). 

* Ibid. § (83). 4 Ibid. § (80). 
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micromotor described above, and also in 1 
connection with his measuring machine. 1 } 
This again is a tidueial indicator only/ 

(o) Various forms of optical interfere! eo 
apparatus may be classed as indicators. Sce,|! 
for example, the descriptions of the Tutton j 
wave-length comparator ; 2 of the Michclson 
interferometer; 3 or of the Fizeau dilatometer. I 
In this ease uniformity of magnilieation is 
seemed, but reading on a scale is replaced by 
the operations of counting interference bands 
as they pass some fiducial mark, and deter¬ 
mining the initial and final fractions of a .and. 

(/) A new type of indicator, 4 mned an 
“ ultra - micrometer,” has recently been de¬ 
scribed by Whiddington 4 and Dowling. 5 In 
this arrangement the effects of variation in 
electric capacity between a fixed and a moving j 
plate on the frequency and amplitude of the 
self - sustained oscillations of a thermionic j 
valve are made use of to measure the relative I 
displacement of (he plates. The method is i 
interesting and its possibilities have not yet j 
been sufficiently explored. Dowling claims a ! 
sensitivity of reading corresponding fo 10" 8 in. j 


X. Drawing Omen Conventions 

§ (37) Marking of Drawings. —There are 
certain points in regard to the preparation and 
inscription of workshop drawings to which it is 
desirable to refer briefly. 

(i.) Shi in lard Size# of Sheet #.—Considerable 
convenience in filing and otherwise dealing 
with drawings results from keeping the sheets* 
used fo'- various purposes to a certain limited 
series of sizes. There is not at present any 
definitely accepted series of sizes for this 
purpose, but a recent recommendation of the ' 
Committee on Optical Ktandaids” may be ! 
quoted. This runs as follows : 

” lu order to facilitate the storage and j 
handling of drawings, particularly the smaller 
sizes which, under modern practice, are used 
for the drawing of details for the shops, the 
committee recommends the adoption as 
standards of the following sizes of sheets : 

Double Klephant . 

Imperial 
Half imperial 
Foolscap 
Note 

Index card sizes . 

For the last four of the above sizes, standard 
cabinets are available for vertical filing in 


40 x 27 inches. 
30 x 22 „ 

13 x 8 ” 

10 x 8 „ 

- r ' •• 


1 “ (homes,” § (7. r »). 

2 “ Comparators,” § (4).^ 

5 “ Line Standards,” § (7). . 

* Phil. Mmg.. Nov. 1020, xl. 034. 

'* Vroc. /Joy. Dublin Soc., March 1021, xvl. (N.8.) 

^ * lie port on Standardisation of Elements of Optical 
Instruments, H.M. Stationery Ollice, 1920. 
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folders, an arrangement which promotes com¬ 
pactness and accessibility.” 

(ii.) Another point on which tin .v is some 
fiversity of practice is the question of the. 
relative positions which plans, side, mid end 
elevations should occupy on the sheet. If the 
plan be supposed to occupy the centre of the 
sheet, some drawing offices make a practice of, 
putting on th;* left-hand side the olevatioif seen 
when looking towards the object from tlie- 
right-, and on the light-hand side the elevation 
as seen irom the left. In this ease the front 
elevr ion is placed at the top of the sheet, and 
the back elevation (inverted) appears at the 
bottom of the sheet. In other offices the 
exact reverse of this practice obtains, the 
elevation shown on the left-hand able being 
that seen when looking from this side, and 
so on. Theoretically there is no ground for 
prefei ring one system to the other. But it. 
wouhi obviously facilitate the reading of 
drawings generally if all were prepared on the 
same basis. In practice the second arrange¬ 
ment possesses a certain advantage in that 
usually shorter distances are involved in 
transferring dimensions by means of the tee- 
square or set-square from one view to the 
neighbouring one. For this reason the Optical 
Standards Committee in the report already 
mentioned has m-o in me tided the general 
adopt im of this system. 

(iii.) Figuring of Tolerances .—Various 
methods are in vogue for figuring tolerances 
on drawings. The nominal dimension may lx; 
given, followed by two limits of tolerance rjj. 

1" 1-0" 0003 
(>"•0005, 

or, if the tolerance is all in one direction, a 
single tolerance figure is all that is needl'd, 
thus 1" 0"-001. In some olfiocs this notation 

is abbreviated by the use of a single legend on 
the drawing specifying the unit of tolerance; 
for instance, in the above examples, the unit 
might be given as it'onoi. in which ease the 
dimension with its tolerances could be written 

l" +3, r 10, 

— 5 

respectively. Other offices again prefer to 
use the actual limiting dimensions in each rate, 
and would accordingly write 

1-0003, 1-000, 

. 0-9005, 0-000 

for the two examples given. Yet anothei 
alternative favoured by some is to have a 
schedule of tolerances for different ranges of 
dimensions and grades of work, and to give 
on the drawing simply a letter or symbol 
specifying the grade desired in accordance 
tilth the previously determined schedule. 
For this case the two examples might be 
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shown, for instance, as V 0, V Y respectively, 
and the drawing office and the workman 
would 1)0 able to interpret the symbols 
correctly by means of the schedule. This 
system, has some advantage if tU'TC are a lo,t 
of parts of the same grade shown on one 
drawing, as it may then be possible simply 
to make a single legend on the drawing, such 
as '* tirade X throughout.” On the whole, 
however, it appears preferable that the 
drawing should give the workman in some 
form actual ligures for the limiting dintensions 
lie has to conform to; and also the diff.Aulty 
of reading the drawing, in ease of need, by 
some other party not acquainted with the 
system of symbols employed is an important 
consideration. 

• The system favoured*by the present writer 
is as follows : 

(«) The preferred size for each dimension 
should be given in full, and not each lir> it. 

(£>) The tolerances, when definite limits are 
of importance, should also lx* given in full, 
either 1, l , <>r -, as in the lirst example 
quoted above. 

(r) Where an exact tolerance is not essential, 
hut reasonable accuracy is none the less 
desired, the dimension may be* quoted in 
decimals of an inch (or mm.), and it. is then 
to be understood that a dimension so quoted 
is expected to be attained, as a gene-al rule, 
within one or two units of the last decimal 
figure given. For example, a dimension given 
as l"or> would be expected to lie between 
I"-04 and I "Ob. But if given as 1 "OdO it 
would be expected to lie between 1"-040 and 
r od I. The addition of a + or sign 

after such a dimension would imply that the 
tolerance taken, if any, must all be on tho 
side of the nominal dimension indicated by 
the sign. A dimension given as l"Od - might 
accordingly he acceptable if between l"-0d 
and rod, but would not be acceptable if 
greater than I"Od. The limits in such cases 
would not be binding, but merely a general 
instruction to guide to the workman, if the 
same limits were definitely imposed they 
would have to be written, respectively, as 
under (b), l"-0d > 0" 01, F'-OdO + O" 001, 

l" 0d - 0"-02. 

(d) In eases where even rougher approxima¬ 
tions are permissible— e.tj. over-all dimensions 
of non-maehined surfaces—dimensions should 
be given in vulgar fractions, as for example 
If,", 10}", etc. Dimensions so given call 
for no accuracy other than ordinary care in 
the use of a rule. This scheme, if systematic¬ 
ally carried out, gives to the workman or 
other user of the drawing the maximum 
amount of information as to the intentions of 
the designer, with the minimum of labour. 

(iv.) Area in illation of Tolerances .—It is very 
important when dimensioning drawings so to 


1 arrange matters that each important dimension, 
with its appropriate tolerance, is independ¬ 
ently figured, and further to avoid redundant 
i dimensioning where tolerances are involved, 
j! If the former is not properly done the addition 
j of the tolerances on a number of separate 
j elements, in order to ascertain that on some 
! over-all dimension, may lead to the possibility 
! of far too great variation being permitted on 
the latter. On Ilu; other hand, if the over-all 
dimension and tolerance are separately figured, 
i in addition to those of other elements from 
which it may be possible to deduce them, 
thbii ambiguity is immediately introduced as 
to the interpretation of the tolerances indicated. 
For example, consider the crankshaft indicated 
in Titj. 32 {a). If in the upper half of the 




no. 32. 


diagram we imagine each of the dimensions 
. indicated above the axis to be allowed a 
tolerance l 1, wY should arrive at. a tolerance 
! for the total length of the shaft, between 
: journals, of i 11, an amount obviously ex- 
I eessive in relation to that allowed on the 
i individual elements. But if, for example, we 
. add a limit of J 2 to the over all dimension, 

| {is indicate I below the axis, in addition to 
j the tolerances on the individual elements, wc 
I at once find ourselves in a dilemma. What is 
| the tolerance, say, over the distance AB ? If 
| we go from A to B direct, adding up the 
! iiVdividual tolerances from the left-hand side, 
we get 1 8. "If on the. other hand ^ve go from 
A to 0 and then back from (■ to B we get 
i 2 I 3 - I 5. Which of v.hese figures* are wc 
: to accept ? Clearly the system, owing to the 
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redundant tolerant: ing, has become ambiguous 
and unsatisfactory. Moreover, the tolerance 
on AB ought obviously not to exoeeu that on 
AC. Yet, by such a system it inevitably must. | 
To obtain a clear and satisfactory arrange-1 
ment it is essential, first, to select some datum 
line in the drawing from which all dimensions 
constituting any one group may be figured, 
and secondly, to apply tolerance independently 
to each fundamental dimension as measured 
from this datum line, and not redundantly to 
subsidiary dimensions which can he deter¬ 
mined by addition or subtraction of those 
selected as fundamental. Naturally, in 
assigning the datum line a certain amount of 
liberty of choice is available, and attention 
must he paid (i.) to the relative' importance 
of the various dimensions which could be 
selected as fundamental, (ii.) to (he methods of 
manufacture, and (iii.) to the methods of 
measurement available. Two possible, satis¬ 
factory methods of dimensioning the same 
crankshaft art* indicated in VUj. '12 (/>), above 
and below the axis respectively, that indicated 
below the axis being perhaps preferable from 
the workshop standpoint. ,j. u, <$_ 

Michel son’s I ^termination of the Length 
of the Met he in Terms of Wave-lengths 
of Monoghkom mo Light: description 
am! results. See Line Standards,” § (7) (i.). 
Micro-balances. See “ Balances," § ((»)- 
Mh kojuuograimi : an instrument, designed 
by tthiw and Bines, which records small 
fluctuations of tin* atmospheric pressure, 
to which ordinary aneroid, ami even mer¬ 
cury, barographs are insensitive. See 
“ Barometers and Manometers,” § (3) (vii.). 
Micrometer Caliper, workshop measuring 
instrument. See “ (hinges,” $ (85). 

MrCUOM I0T1CRS 

Miokometric measuring apparatus consists of 
scales and screws, usually in combination. 
In general the function of tin* scale is to 
connect widely separated parts of the object 
measured, and of the screw to interpolate 
between the scale divisions. But in particular 
eases attempts have been made with varying 
success to dispense with one or other. Thus 
in measurements of star photographs for the 
Astrographic Catalogue many observatories 
have used scales alone ; a widt? scale of 5 mm. 
intervals and a microscopic scale with 100 
divisions to the 5 mm. : the unit of measure¬ 
ment being the estimated tenth of the second 
scale, or 0005 mm. The advantage gained 
is rapidity, $inee no time is spent in turning 
the screw and in reading it, and the eye is not 
fatigued by being withdrawn from the micro¬ 
scope to read the screw head ; the disadvantage 


is a certain loss of accuracy. On the other 
hand, in Ids pioneer measures on star photo¬ 
graphs about 1805, L. M. Biitherfurd used a 
. long screw only, and obtained very good 
I measures, bflt he found progressive errors in 
the screw and his attention was diverter I to 
the construction of a better screw. In this 
he was so successful that he was able to*rule 
beautiful gratings (for spectroscopic use) of 
17,000 lines to the inch; and Rowland, 
following him, showed how the residual errors 
of such a screw might he first, detected and 
then automatically corrected during its use 
in ruling a grating. Mielielson lias carrier 1 
this work to still greater perfection. 1 

But a long strew' is in any ease costly, and for 
ordinary use the meeluuii. m is “ scale + screw.” 

§ (1) Scales.— The divisions of a scale may 
be eu+s on metal, or glass, or photographs of 
a matrix of ruled lines. Divider! circles are 
usuallt of t hr* first kind, and are rear I Ity a 
microscope having in its focus cither cross-webs 
or parallel webs for setting on the division. 
Were tin* division itself a elejfh-eut rectangle 
the en; is-web should l 4 »o the better, for the 
equality of its intercepts on the two edges 
gives a very accurate test of the centring of 
the cross on the division. Bill in practice 
the edges of thr* division are ragged under the 
microscope; and a pair of parallel wires, 
just wide enough to include the division, 
and set by regarding their nrenujo distances 
from tin' two ragged edges, has been found 
more satisfactory on the whole. 

(Hass can be rulerl very clean w il h a diamond, 
and glass scales are in general use for measures 
of pilotogi i)»hs. L>M. Rutherfurd turned to 
them when he realised the errors of his screw : 
and to-day. in measuring photographs of 
spectra with (he highest accuracy, glass scales 
are commonly list'd. If a single microscope is 
employed the scale is placed parallel to the 
spectrum so that the microscope can he 
trained on one or other at will (it is, of course, 
essential that it should rotate*in a strictly 
transverse direction without error). Or two 
microscopes may he clamped rigidly together, 
one to read the scale and the other to read 
t he photograph. 

Matrices of plate-glass silvered, the silver 
being cut away in accurately ruled cross-lines, 
are used to impress a reseau ” on star 
photographs. The sensitive film (either before 
or after <;xposrre to the stars) is placed almost 
in contact with the matrix and exposed to 
parallel light behind it, which, of course, shines 
through the ruled lines only. On developing 
the film these lines appear on the plate 
together with the star images. 2 A single 
microscope can then refer the star images 

1 For references see Mon. Not. It.A.S. liii. 220, 
and Ixii. 2+5. 

2 For some useful notes see Mon. Not. It.A.S. lix. 
530. 
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to the lines. Rut this convenient process is i 
obviously not applicable to a spectrum which ! 
itself consists of lines. 

(i.) Virtual Saties .—Various ingenious <lc- j 
vices have been suggested for avoiding the use j 
of an actual scale for spectra, especially in j 
comparing several spectra. Thus .1. Kvershed 1 j 
suggests making a positive from one of them, ! 
and superposing this on each in turn, film to ; 
film. The positive and uegativo hues eompen- ; 
sate each other, hut only .when coincidence • 
is exact. Variation in this coincidence in ; 
different parts of the spectra is thus 'easily \ 
detected and measured. 

(ii.) Errors of Seales.--A good instrument- j 
maker can supply scales of astonishing ae.cn- ! 
racy, but the residual .errors must always be ; 
determined. An elaborate investigation of ' 
the errors of a reseau is given by Sir I). ! 
Gill.- The errors range from about - -003 ! 
mnl. to + *003 mm. and are determined with i 
an accuracy of *0003 mm. In work of the 
highest accuracy such errors must always 
be determined* and applied—as for instance 
in the parallax measures of the plane,* Eros. 3 
The determination of the division errors 
of a divided circle is a long and tedious 
process, if there are four microse« pe’s sym¬ 
metrically placed, then by turning the circle 
through a quadrant at a time each quadrant 
may be compared with the others. Four 
reference points are thus lixed. Each of the 
intermediate ares can be bisected by comparing 
the two halves, and each half earl be bisected % 
again, liut as the subdivision is continued, 
not only does the work increase, but the 
accuracy diminishes owing to the accumulation 
of accidental error. Two important memoirs 
by M. Loewy and M. Fayot 1 describe a new 
arrangement of the work, which was found 
successful and which is founded essentially 
on a method of Bruns of Leipzig. By^using 
divisors other than 2 a more equable distribu¬ 
tion of probable error* is attained. But to 
determine the errors within 0-10* requires 
serious labour in any case ; and the same is 
true for a linear glass-scale for use in spectro¬ 
scopic measures. 

The permanence of the errors was satis¬ 
factorily established by Lewis Boss of the 
Dudley Observatory, Albany, who showed 
that when his transit circle was removed 
from one site to another, the errors had not 
been altered ; and the same success attended 
its transport to the southern hemisphere. 

§ (2) Screws. —The screw fills in between 
the divisions. Usually five complete revolu¬ 
tions of the screw carry the wires from one 

1 Kodniknnal Jlutlctin, xxxii. 

• Mem. R.A.S. Ji. 1-27. 

a See Mon. Not. R.A., S', lxvh. 17:». Plus paper 
also gives some useful information on the further 
errors introduced when a photographic copy of a 
rosea ii is made. 

4 Annates del'Obsenatoire de Pun*, 1010, xxvil. 


scale division to the next, and the screw-head 
is divided into 1(H) parts. Reading each of 
these to one-tenth by estimation, we get 
i,i)ii otil of the division-space. When this is 
% mm. (as in the risoaux of the Astrographic 
Catalogue) wc therefore read to 0 001 mm. It 
is important to have this adjustment as close 
as possible (no error of “ runs ”), and for 
this purpose it should he possible to alter the 
length of the reading microscope, i.e. to 
separate the objective and the wires (the 
eyepiece is merely a detached reading lens), 
as well as to move the. microscope as a whole 
for focussing, for which the ordinary rack- 
screw is convenient. The procedure then is *. 

(1) Focus eyepiece on wires. 

(2) Focus scale in plane of wires and test 

“ runs.” 

(3) If “runs” not zero, alter length of 

microscope. 

If by oversight this third adjustment is not 
provided, an equivalent may sometimes he 
obtained by unscrewing the objective. 

It is important that photographic plates 
should he flat (plate-glass), otherwise thd 
“ runs ,5 correction varies in a troublesome 
manner. Even with plate-glass there is a 
slight variation. 

Screws are unfortunately liable to wear with 
! use. A good example is given by Sir 1). Gill, 5 
! in which errors amounting to 0-30" are found. 
But by arranging that two screws shall travel 
in opposite directions this elTect of wear can he 
practically eliminated ; and the same happy 
result can he obtained with one screw by 
reversing measures. Thus adjacent to the 
above paper is the description of a measuring 
micrometer for astrographic plates by the 
same author, in which screws are proposed. 
Instruments of this type have given very 
accurate results, even though the screws have 
worn, simply because plates are measured 
twice, in reversed positions in the machine, 
and the effects of wear have been thus largely 
eliminated. Alternative instruments are de¬ 
scribed in later papers.® In this last paper it 
is stated that the probable error of a setting 
of the screw is not so high is 1 (MKH)5 mm. ; 
but the remark is added that the error of 
setting is only part of the error in measuring 
a star image, another largo part being con¬ 
tributed by the photographic film itself. 7 

11 __ H. ir. T. 

Microscopes, Micrometer, for comparator 

use: description, sources of errors, cali¬ 
bration, etc. See “ Uomparators,” § (l) («). 

5 Mon. jVM. R.A.S. lix. 73. 

* Ibid. liil. 32fl and lxi. 444. 4 

1 Sec. /‘aft. Afitr. Lab. (,'ronnuten, pt. I. V • 
Some conclusions on this ultimate^ accuracy of 
measurement arc also given in Mon. Not. R.A.S. lxi. 
028. 
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Millibar: oik* thousandth part of a bar I 
It. is a pressure of 1000 dynes per 1 
square centimetre. As a unit of pressure | 
it has considerable advantages over inches J 
and millimetres in that it is a dynamical^ 
unit of force, and not a length. The millibar 
has been in general use by the Meteorological 
Office, London, since May 1, 1014. See 
“Atmosphere, Physics of,” § (l). See also 
“Atmosphere, Thermodynamics of the,”§ (2). 
Million a i kb Calculator. See “ ( aler.lating 
Machines,” § (0). 

Milne Seism no kaph. See “ Earthquakes aUd j 
Earthquake Waves,” § (2). 

Minimkter : instrument for testing gauges. ] 
See “ Canges,” § (HI). 

Minimum Thermometer. See “Metcorologi- j 
eal Instruments,” § (7) (iii.). 

Miraue: the. image of an object which is 
seen displaced, usually vertically, by the 
refraction of the rays of light in passing : 
through the layers of different, density 
near the ground. i 

- N 

Napier s Bones. See article “Calculating | 
Machines,” § (I) (ii.). 

Nkphoscopk : an instrument for measuring i 
the direction of motion and speed of clouds. 
See “Meteorological Instruments,” $ (33). ^ 
Nehhoit, O. : equations nt adiabatic lines of | 
saturated air. See “ Atmosphere, Thermo- j 
dynamics of the,” § (21) and Fiy. l ; >. 
Nhkel-kteki Alloys : composition, their i 
general classification. See “ Line Stand- | 
aids,” § (4) (ii.). 

Nioiit-skv 11 e< order. See “Meteorological 
Instruments,” § (2b). 

NOMOISRAPHY 
T. Aim ok Nomohraphy 

§ (1) Graphical Methods. —The ordinary 
process of graphical computation consists in 
drawing a curve which represents the relation 
between two variables. Thus suppose it is re¬ 
quired to exhibit in a graphical form the relat ion 
between temperature in* Centigradt measure 
and temperature in Fahrefihoit measure. 

If the temperature is x° 0., and if F„ we have 
the equal ion y 32 -‘J.r/5. Hence t he relation 
is shown by taking a pair*of rectangular axes 
x, y, and drawing the straight line y * l-8:r 4- 32 : 
for any giv**n value of x, the corresponding 
value of y is given by the ordinate of that 
point on the line which has the abscissa x , 
and vice Verna. 


Inferior. Sec “ Meteorological Optics,” 

§ («). 

Superior. See ibid, § (10). 

Mont Si n Rinu ok Parhklic CiiuAk : a 
white horizontal circle passing through the 
suri parallel to the horizon, and crossing the 
positions of the parhelia, paranthelia, # and * 
anthelion. ' ce “Meteorological () plies,’ 

S (22). • 

Mock S,r:%s or PTkhk.ua : luminous or sonic- 
tin^g. brilliant images of the sun which 
occur most frequently at an angular distance 
of about 22° from the sun, the distance 
increasing slightly with the altitude ol the 
sun ; they are also occasionally, hut rarely, 
seen at a distance t>f about 44 -4b ". See 
“ Meteorological Optics, ’ § (22) (ii.) and 
(viii. ... 

Moisture in the Atmosphere. See “ Witlcr- 
vajjour.” 

Mem roe Calci’latino Machine. See article 
“ Calculating Machines,” § (fl). 


This process is at once seen to possess 
several disadvantages. The most important 
is the fact that the act of reading off the 
value of y corresponding to a given value of 
x is troublesome, and the result, is inaccurate. 
An alternative method suggests itself, 'lake 
a straight line, and on one side of it mark off 
equidistant graduations to represent values 
of X. On the othei* side of the line mark oil’ 
the corresponding values of y: in the present 
example these, graduations are also equi¬ 
distant. We get Fig. 1, a compact chart in 
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which the reading can be carried out with 
ease and w ith accuracy. 

We thus see that even with only two 
variables the Cartesian mode of representation 
is not necessarily the most convenient. In 
many physical investigations we have to 
collate the values of three or even more 
variables. Take, for example, the formula 
pr RT, the. property <>f a perfect gas, K 
being a giv^i constant. A single curve 
I cannot represent, the relation between the three 
quantities />, v, T; we have to draw a curve 
for p and v for each of the different values of 
T tjiat occur. Wo get a family of rectangular 
hyperbolas as in Fig. 2, and if we wish to 
read oil the value' of T corresponding to 
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given values of p and ?\ we must find the 
point whose co-ordinates are (p, r) and judge 
on which T curve it lies. In general this 
nvolves interpolating be- 
u j tween different T curves, 

T»t. t leading to considerable 

1 \ 3 T-* inaccuracy. Further in- 

- 1 \ \ accuracy is caused by the 

\ \ \ diflieulty of plotting the 

\ \ \ hyperbolas th'Mnsolves. 


It is true that we ran simplify the work by 
using logarithms, so that 

log p+ log f.' = log T + log R. 

Corresponding to any given value of T wc 
now have a straight line, and for different 
values of T we get a family of parallel straight 
lines. Thus in this instance the difficulty of 
jilotting is eliminated ; but the diilieulty of 
reading ami interpolating remains, and is in 
fact increased. 

The method of contours for three variables 
has its place in such obvious and valuable 
applications as contour maps ; for purposes 
of graphical computation, how eve*', it is in¬ 
adequate, and is. moreover, inapplicable to 
more than three variables.* 

§ (2).— In many scientific and technological 
investigations it is necessary to solve quad¬ 
ratic equations, and it becomes a matter of 
considerable importance to have a moans of 
solving expeditiously 'and accurately the 
equation x* r ax -\-h — 0, in which a and b 
can assume all values within certain ranges. 
The fundamental graphical process would 
consist in plotting tin; curve y x*-\ ax \ b 
for the particular values of a and b that occur 
in each such equation, and noting where the 
curve cuts the lino y 0. It is obviously 
impracticable to carry out the plotting for 
each ease that has to be solved, and we soon 
realise in fact that this is unnecessary. If we 
plot the curve y x~ t ax for any given value 
of a, we can use it to solve the equation 
x 2 +ux + b -0 for this value ft, and any 
value of b ; this is done by noting where the 
graph is cut by the line y - b. We are 
still left, however, with the task of jilotting 
the family of parabolas y—x-'.ax, and 
further it is not convenient to read off where 
such a parabola is cut by a line y - - b, unless 


t the lines y — -b for the range of values occur¬ 
ring in /he work in question are also plotted 
j on t he same graph. 

We can obviate these dillieultics as follows. 
TDraw the parabola y— and l'or given 
: values of a, b draw the straight line y ax \-b. 

The x co-ordinates of the intersections are 
| obviously the solutions required for these 
j values a, b. The straight line need not las 
| drawn at all ; we can list* instead a straight¬ 
edge, which is m: tie to pass through two 
j points which define the line for these values 
! of a, b. Such points are, for example, x -0, 
! y - b ; x 1, y - a \-b. Hence, to solve the 
equation x~ l ax + b - () for any values of a, !>, 
; we draw the parabola y - .r- once for all ; 

on the ;// axis we take the point h, on the line 
x 1 the point a I b : the join of these points 
cuts the parabola in points whose abscissae 
are the solutions required. 

We have arrived at the main aim of nomo- 
graphy ; we ha\e an Alignnunt Chad in 
which the three related quantities a, h, x 
define three collinear points on three loci. 

$ (2) Mktiiou ok Amonmp.nt. The method 
of collinear points, as .-uggested in $ (2), is 
rendered still more valuable if for any given 
relation between three quantities a , b, x. wc 
: can devise three* graduated curves so that the 
graduation a on one. curve, the graduation b 
on another curve, and the giaduatiou .r on the 
third curve are collinear if a, h, x obey the 
j given relation (Fig. 3). r l'hat such a process 



is a mathematical possibility is easy to see. 
All straight lines which pass through a given 
point, say .r on the x curve in Fig. II, belong 
to a family, and therefore the graduations in 
which any one of them cuts the a, b curves 
must, bear so me constant relationship to the 
particular x point. Then* is thus an equation 
connecting a, b, x ; and the x graduation on 
any line cutting all three curves is the solution 
of the equation with coefficient's involving 
the a, b graduations on this line. 

In Fig. 4 we have Rectangular axes £, V- 
Take the line - 1 for the a scale, and the 
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lino £- 0 for the b scale : draw tho hyperbola 
•»/-- -£ 2 /(£ I-1) for the x curve. CJrackiatc tho 
a, b scales like tho y axis, and gramiate the 

’ 1 


: 


x curve so that at any point on it the value | 
of x. is the ratio ■>;/£ at the point. We can | 
prove that for three col linear graduations a. 

It, x \\c have the relation .r- | nx I 6 -0. The I 
line joining the points a, b on the a, b scales j 
has the equation ?; 6 f(6 (/)£. But x - - gjt] , 

where i) ••$■/({■ I 1)- Heme at the x gradua¬ 
tion on the hyperbola we have the equality 
x -- - :/(> i 1), i.r. i • ■ xj(x ! l). Thus 

x--b-a '■ b -~a-6^1 + 

and the result follows. We shall see later 
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(IV.) how# this construction is* obtained a 
priori. 

Again, consider the relation pr RT for 
some given value of R. In Fig. 6 wo have 


three parallel logarithmic scales p, r, T, the 
T scale being half-way between thep, v scales, 
and graduated with half their uni*. Also the 
T scale begins at the point on its line where 
is intersected hy the join of the point 1 
on the p scale, and the point R on the v scale. 
Kor three eollinear graduations p, i\ '1' we 
have ty elementary geometry „ 

lngj, I Inga 2(n.«K + I] i -T). 

showing that tin? three graduations are con¬ 
nected by the relation pr RT. 

In both Fig. 4 and Fig. o we have alignment 
charts in which the related (plantities, a, it. x 
in Fig. 4, />, v. T in Fig. f>, correspond to 
eollinear graduations on their scales. Each 
figure is a nomogram , each is the graphical 
representation of a certain law (nomos in 
Creek, for all values of the variables that 
enter pito the expression of the law. 

II. I’AHAM.m. Uniform Sc a l ns 

§ (4) Addition* and Sr,mt \ctiox. — In 
order to grasp the fundamental idea of the 
subject consider Fig. (>. We have a. b, two 
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parallel lines each graduated uniformly, but 
not necessarily with the same unit. We shall 
construct a nomogram for x a t it. In order 


to ge 

t .r 

5 we 

can have 

a 0, b 

5 ; a 

1, 

b 1 ; 

a 

2, b 

3, etc. ; 

and, in 

fact, if 

We 

draw 

the 

lines j 

oining a 

0 to h 

5, a I 

to 

b 1. 

a ~~ 

2 to b 

3, etc., we lind that thev 

all 

pass 

111 IN 

nigh the same 

point. 

Mark 

this 

point 

•w 

A (lain. 

, take x 

10, so that we 

can 

use pairs 

of values a 0, 

h 10: 

a 1.6 

!) ; 


ft - 

8, etc. 

; we again gel 

a common 


point of intersection, which we mark in. Do 
the same for x 15, x 20, etc. We at once 
seo that for any value of x we get one point, 
that all such points lie on a line parallel to 
tly* a. b scales, and that the graduations 
obtained on this line give a uniform scale. 

This automatic process thus gives the 
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required nomogram, assuming, as suggested 
in sj (,‘i), that a nomogram is possible. Tho 
nomogram van be readily devised by mathe¬ 
matical argument, using the geometrical fact 
that if three parallel lines art graduated 
uniformly, then three eollinear graduations 
are connected by a linear relation. 

' The nomogram in Fig. 6 gives subtraction 
as well as addition, since if z—a+b we have 
also a x -b. ■_ 

An alternative nomogram.for addition and 
subtraction is obtained if the <t, b graduations 
arc taken in opposite senses, instead of r.< the 
same sense as was done in Fig. 6. The reader 
can construct it for himself, either by calcula¬ 
tion or by the automatic, process. 

§ (.*») * Kxtknsion. — An exactly similar 
method can be used for the more general 
relation z—ht + mb, in which /, m are given 
constants, with exactly similar results. Two 
nomograms are obtainable, one with the 
n, b scales graduated in the same sense, and 
one with graduations in opposite senses, If 
wo have x —la + mb 4 n, in which /, m, n 
arc given constants, the method ks still 
applicable. 

The method can lx*, at. once generalised to 
deal with any formula such as the following, 
X la + mb + nc -t pd \ . . . in which /, 
m, a, p, . . s are given constants. First 
make a nomogram for la 4- mb 4- s, then con¬ 
struct one for x., — x i 4- nc, then for — x» 4- pd, 
and so on. At each stage we choose the one or 
the other of the two possible alternatives in 
such a way that the graduations do not become 
too line for tolerably accurate reading. Note 
that the intermediate scales .r,, z.,, . ., need not 
lie graduated at all : since, in proceeding from 
;r 1 to x., all we require is the geometrical point, 
on the a’, line which represents the value of 
la 4 mb -t and not the actual value itself; 
the same applies in proceeding from z 2 to .r ;; , 
etc. These intermediate ungraduated Tines 
are called reference or pi ratal linen : for an 
example see Fig. 0. 

§ (b) Al’IUJCATIOX to Nomooram for 
M iXt ticks.—F or actual addition and sub¬ 
traction we do not, of course, use nomograms. 
There is yet great value in the simple prin 
eiples thus far evolved. As an example we 
shall work out in some detail the nomographic 
solution of the following problem. It is re¬ 
quired to mix three substances of gil'en densities 
so as to produce a mixture of prescribed 
density; to find the percentage to be. used of 
each constituent. There are clearly an infinite 
number of possibilities, and the question 
is to indicate in nomographic form all the 
possibilities. 

Consider first a particular ease. Ixd sub¬ 
stances a, b, c have densities 1-5, 2-5, 4 re¬ 
spectively, and let the prescribed mean density 
he 3. Jf we represent the percentages by the 


| symbols a, b, c, we have a + b+c — 100 ; also 
1 5a + 2 ffb -h 4c — !>(a +b+c). Thus wo obtain 
l-5«4- -5o — c, so that !iir+b =2c. Eliminate 
c and we deduce 5a 4 - lib -200. Now draw a, b 
•jscales parallel to one another and graduated 
uniformly with the same unit in the same 
sense, the line joining the zeros being per¬ 
pendicular to the scales. Take the mid point 
of this lino to he the origin of co-ordinates 
£, 7 ;, the £ axis being along this line and 
positive on the side of the a scale, with £ 
unit such that the distance between the a, 
b scales is 100 , while the 7 / axis is parallel 
to the a, b scales and measured in the 
same manner as these scales. Consider a 
line passing through some point (£, ?/) and 
having gradient k, the intersections of this 
lino with the a, b scales have graduations 
a = 7) + k( 50 — £), b rj 4 - /.( — f>0 - £). Since 
5a 4- :\b ----- 2( H), we get 200 - S 7/ 4- /. (100 - H£) - and 
! this is to he true for all values of k ; hence we 
must have £ 12-5 ,77 — 25. Take the point thus 

found ; any line through it cuts the a, b scales 
at graduations satisfying the conditions of the 
problem. The value of c corresponding to 
any pair of values a, b can he got by subtract¬ 
ing a i b from 100. Wo can, however, work 
I c into the nomogram conveniently and thus 
! avoid all calculation. Take the c scale along 
! the 77 axis, beginning with zero at the point. 

| 77 — 0 O and ending with 100 at the origin, so 
j that the unit of the c graduations is half the 
! a, b unit. It is readily verified that a line 
^defining a, b so as to satisfy the conditions 
: of the problem also gives c as the graduation 
j of its intersection with the scale thus drawn. 

! If then we let a straight-edge pass through 
the point (12-5, 25), and turn round this point, 
j as pivot, its intersections with the scales give 
I all possible solutions of the particular problem 
! enunciated. 

: In generalising the construction we have 

< to consider separately two case-. 

1 (i.) Case I.- -If the prescribed mean density 

1 lies between the highest two of the given 
I densities, as in the particular problem just 
; solved. let a, b. 1 : he arranged in ascending 
order of density, and let their densities he 
1 d>, d, ; let the prescribed mean be d. 

; Flit / d-dp in d - d 2 , v -d^ - il. We get 
: a < b 4 c - KM), la 4 mb nc, so that we have 
(l 4 »)« + (»« + »)&—100/1. A lino through the 
■ point (£, 77) with gradient k cuts the scales 
at the graduations given by the expressions 
j a • -- 77 4-1(50 - £), ‘ b 77 + /.*( - 50 - £), and we 
! therefore have the following simple relation 
j 100a (/ I in, 4 - 2 / 1)77 it / (50. / - m — 1 4- in l 2 n . t) 

! £>r all values of k, i.c. for all lines through tho 
! definite point (£, 77 ). Hence we get the pivot 
£ 50(/ - m)!{l 4- rn 4 2a), 77 100n/('f 4 - m 4 - 2a), 

i and the solutions are given by all possible 
| positions of a straight-edge through this pivot. 
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(ii.) Case IT.—If the proscribed mean density | 
lies between the lowest two of the given 
densities, let a, b, c, bo arranged in descending i 
order of density, and let their densities ifc I 
d v d,, t </ :l , the prescribed mean being d. I 
Put l—dj d, m~d 2 -d, n--d-d 3 ; we get 
a + b f c 100, In + mb — nc, and we can proceed 
exactly as in Case I. 

The finding of the pivot point for any parti- ( 
cular problem can also be facilitated by means 1 
of a graphical construction. In Fig. 7 the j 



l/m 

Fig. 7. 

graduations on the line marked l/m are such 
that at any point, on this line the graduation 
gives the ratio of the segments into which 
the line is divided between the zeros of the 
6 , a scales. The graduations on the line 
marked (l I m)fn are such that at. any point 
on it the graduation gives twice the ratio 
of the segments into which this line is divided 
between the zeros of the <’, a scales. To get 
the pivot point for given values l. m.. n , wo 
take the point on the Ijm lino whose gradua¬ 
tion is the given value of l/m, and note the 
oblique line defined by this pyint: we then 
take on the (l + m)jn Hoalo the point whose 
graduation is the given value of (, and 
note the horizontal line through this point. 
The intersection of the two lines thus obtained 
is the pivot required. 

in investigations and in technological pro¬ 
cesses where the making of blends of mixtures 
is of importance, the nomogram of Fig. 7 
is of great value, and a little practice with 
some particular eases makes the graphical 
computation simple and accurate. 

Note the network of. lines used in this 
nomogram ^ we shall see later (Vf.) that this 
is due to the fact that we have really four 
independent variables?, viz. a, b, and the ratios 
l:m : n. 


III. Parallel Logarithmic Scales 

S (7) Multiplication and Division.— It is 
clear that if we take the nomogram for 
x*?ct+b, and 'instead of graduating eaefi scale 
uniformly we graduate them logarithmically 
(as on the slide rule), making in each scale 
the 1 to 10 interval of the logarithmic gradua¬ 
tions proportional to the unit in the uniform 
graduations, 4hen we get a nomogram for 
X--AB, where X* represents 10*, etc. This 
figure Gift, therefore be used for multiplication 
and division. As an example we have the 
relation pv RT for a given value of K, 
already considered, § (It), Fig. f>. 

The nomogram in Fig. 5 is constructed 
without any reference V the particular ranges 
of the variables for which the chart is required. 
If these ranges are given we choose such I to 
10 intervals in the scales as make the given 
rangcs # eonespond to about equal lengths,on 
the two scales, filling up the sheet of paper 
or card on which the chart is drawn. 

§ (8) Extension. —The extension to more, 
general problems in multiplication and division 
is so obvious that we shall merely give one 
or two instances of actual nomograms, with 
a few words of explanation where necessary. 
In Fig. 8 we have a nomogram for the formula 



Fig. 8. 


R SV 2 /800, which gives the resistance R in 
lbs. weight to a parachute of area S sq. ft., 
falling Myth a speed V ft./sec. in air of ordinary 
density. 

When we have more than three variables, 
and have to multiply given powers of these 
variables, we introduce reference lines as 
explained in § (5). In this way we can deal 
with any formula like X - SAdt^C"]) 7 ' . . ., 
where S, l, m. n, p . . . are given constants. 
It is important to remember the precaution 
mentioned in § (ii) with regard to the senses 
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of the graduations on the successive scales j 
so as to got the final graduations sufficiently i 
accurate. 

As an illustration, consider the problem of ! 
finding the value of the horizontal eninpone.it P 
of the earth’s magnet ism at any given place. I 
If we use a steel bar of moment of inertia K, 
an<L, v hen it has been magnetised we observe | 
the number n of half-oscillations it makes ; 
per second when swinging in a horizontal j 
plane under the influence of ‘he earth’s magnet¬ 
ism, and also find the deflection 0 *it gives 
at distance r from a magnetometer ‘needle 
in “end on” position, then the horizontal 
component of the earth’s field is given 1 by 

H = 7ras2K/- ?tan~*0. 

For a given steel bar K is known once for all, 
and so we have JI in terms of the three vari¬ 
ables it, r, it. 'faking Iv -.‘ISO, say, we eet 

H = 86-0w" ■ tan “ 0. 

'flic nomogram for this formula is given in 
Fig. 9. We first, construct one for the quantify 


- - 70 

--G5 



-2 

0) 


a 

u 

■15 £ 

0. 



_ 

H 

■■ 


" 

-9 « 0 

■■ 

-a 

-- 


.. 

-a 


5 

r » 

I'm. 

ni 0/86 -fl, using a 

a logtar 

scale for 

not be 

graduated 


-f-45 

40 

-35 

-30 

--25 

20 


'flic '(‘suiting scale 
nee it is a reference 
line as explained in § (.“>). We then fit on a 
scale for n so as to give the value of fl. The 
cross lines in Fig. 9 indicate the order of the 
operations in using the chart. 

IV. Parallel Co-ordinates 

§ (9).—We now proceed to the consideration 
of more complicated nomograms, that can be 
constructed by using two parallel scales, uni¬ 
formly graduated, for the two variables a, b 
in terms of which a third quantity x is 

1 (j laze brook and Shaw, Practical Physics, p. 101. 


defined. The quantities a, b arc said to be 
measured in parallel co-ordinates. The x scale 
will not in general he straight, and wc shall 
refer to it as the x. curve. 

§ (10) Quadratic Filiation : Automatic 
Method. —To commence with, wo take the 
equation x~+nx+b—0, in which we are given 
that a can have any value between 0 and 100, 
while b can have any value between 0 and 
• 10 , 000 . Take convenient units so that the 
a, b ranges are given by more or less equal 
lengths: in Fig. 10 we have made the a unit 


G0-- 
50 • 



Kiu. 10. 

; 100 times the b unit. Having graduated 
these scales, we then find the points on the 
| x curve as follows. It is obvious that with 
the given ranges the positive root x can have 
any value between 0 and 5*00. (We only 
need to find one root, since the other is given 
l>v the fact that- the sum of the roots is -a, 
and their product is b.) 'fake x 10: find 
, two equations having 10 as a root in each 
j ease, for instance .c 2 + 100a;- 1100 0, and also 
i x J -j- 50.r - 000 0. Hence for x 10 wc can 

| use a 100, b ... - 1100, and a 60 , b —(>00. 

| Find the point of interseethm of the lines 
j joining these two pairs of a, b values, and 
I we have the point 10 oil the ,r curve. 

Take x 20; we can use the pairs of values 

| a —100, b - 2100 ; a - 60 , b 1400; and 
the intersection of the lines defined by t liese two 
pairs is the point 20 on the x curve. Proceed 
in this way till x -100. We have the .r curve 
by drawing a smooth curve through the 
points thus obtained, and subdivisions can 
be inserted if desired. In Fig. 10 the gradua¬ 
tions on the x curve appear to he equidistant, 
but this is a mere accident. 

§ (11) Analytical Method. —The auto¬ 
matic method has the advantage of being 
easy to carry out practically, and also that 
the given ranges can 1> C worked into the 
nomogram so as to give the best figure and 
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the most accurate results. r Phe analytical 
foumlation of the process can be pi^ in the 
following form. 

Suppose that we have to solve nomo* 
graphically an equation of the form 
A(x)a \ B(j)6 + 1 0, 

where A(.r), B(.r) are given functions of x , 
and a, b are the variables which determine any 
particular root x. Using rectangular co¬ 
ordinates z, 7j, let (t, v) he the point x on the 
x curve, the a scale being the line £— 1, 

the b st ale the lino £ - 0, each graduated in 
the same manner as the ?/ axis. Any line 
through the point (£, rj) which cuts the «, b 
scab's at the graduations a. It has the equation 
■t] h \ (b «)£, 


i.c. 


V 



1) 


-t- 1 


0. 


If this equation is to define the graduation x 
at the point chosen, then the relation between 
a and b in this equation must be the same 
as that given bv A (x)a I \’>{x)b ! 1—0 for an 
infinite number of pairs a, b. Hence we get 

aw \ 

so that 


£ ... *••> 1 

A(,)+H(.r)' ” A(.r) 1 B(.c)' 

Thus wi 1 have the co-ordinates of flic ])oiut 
(•-, ;j) on the x curve detined in terms of the 
paraimder x itself, and the :r curve can be 
immediately plotted and graduated. 

Kef liming to the quadratic equation 


x 2 [ ax i 6- 0, 

write it in the form ajx ! bjx 2 + 1 ~0, and 
use A(.r) l/.r, B(r) ■ l jx'~. The results 

i: -.r/( 1 ! .r) t v x~j( 1 l .r) follow, yielding 

the equation -£"/(£ * 1) f‘»r the x curve, 
the manner of graduation being indicated by 
the relat ion x ..»//£, 'Phis is the way in which 
we constructed the nomogram in Fig. 4, due 
to M. d'( league. 

While the automatic process is best; for 
practical construction of a nomogram, the 
analytical method can be used to devise new 
kinds of nomograms. Thus the equation 
x 2 + ax -l- b 0 can he writ ten - a'x b'/x I 1 0, 

in winch - -1 }a t b' bjn. This means that 
A(x) - x, B(,rj - 1 /X, giving £ - x-j{ 1 \ x~), 

i)--x/{ l-1-.r 2 ). We easily deduce that the 
x curve is the circle £ 2 + ?;*+£- 0. 'Phis 
is an interesting form of nomogram for the 
quadratic equation, due to 10. T. Whittaker. 
It. has the great advantage that the x curve 
ean he drawn very easily and accurately: 
also the x graduation is simple. fl’( league's 
nomogram is, however, better in practice, 
because the a, b graihiations are uniform in 
this nomogram, and therefore it is easier to use. 


| § (12) (hum: and othku Equations. ~ 

: The cubic equation in the reduced form 
| a* 3 { ax + b — 0 can he treated in Exactly the 
|l same way as the quadratic. In the analytical 
' method we now have A (x) l/.r 2 , B(.r) 1/a 3 , 

since we ean write the equation in the form 
a/x" I 6 /.r 3 ) 1 0. Hence £— - rj( 1 ■) a*) and 

i) -- - x :i j( 1 -f- a 1 ) for the point x on the :r chi ve. 
The equation of the x, curve is t/ -£‘/(t + l) 2 , 
the graduaddns b(*ing given by a * 2 — 77 /t (see 
§ (Id) and Fiy. 14;. 

Trigonometrical equations can be treated 
I similarly, thus a tail x H -6 sec x f l 0 gives 
j i with" the graduations detined by 

| sin *-(1 -£)/( l + £). The a scale is along 
1 i : 1 , the 6 scale along £ - - 1 . 

If we lake an equation of the type 
A(.r)tf + B(a*)6+ 1 0. the process would he 

carried out. as follows. Lot the equation he, 
e. 17 ., siq x a l 6.r, x in radians, a ranging from 
0 to 1, 6 front 0 to — 0-d. 'lake the 6 scale 



: with twice the a unit, as in Fig. 11. Take 
' 6 -0:»thcn for x 0, 10 J , 20', HO , 40 , dO', 
tiO J , 70", 80 ', 00 ', we get the following values 
; of a : * 

j a = 0, 017, (KU, 0-d0, 0 04, 0-77, 0-87, 

0 04. 0 00, 1; 

• for 6 0 d we get the values 

| a = i), 0-20, 0 d2, 0-70, 0 00, 1-20. 1-30, 

I do, 1-0S, I 70. 

Drawing t-ho two sets of lines thus obtained, 
we get the points on the x curve and the 
! graduations. As a check we can take a third 
! value of 6 and draw a third set of lines : these 
1 must pass through the points defined by the 
I first two sets. 

J An equation in the form 

tt A(.r) 6 H(.r) = ( '(.r) 

is tit'll tod by taking logarithms, so that 
A(.r) log a 1 - B(ar) log 6-- log C(.r), 

2 T 


voi,. iff 
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and we use parallel a, b scales graduated 
logarithmically. The nomograms of Part 
III. §§ (7) etc. are all special cases of this 
type. An equation of the form 

a'< r >L !((>')]''-C'(.r) 
givefy .on taking logarithms, 

A(.r) 1 >g a + log B(r). b = log C(*), 

so that we have to use parvllel scales a, b, of 
which ono is graduated uniformly »\nd the 
other logarithmically. H should be ]A-inted 
out that in the analytical method we can use 
any two lines parallel to the 77 axis for the 
a, b scales : in each case a preliminary trial 
would determine the l>est choice. 

V. Intersecting Scales 

§ (13) Analytical Basis. —The method of 
Part IV., essentially one based on tangential 
co-ordinates., can be applied with a, b scales 
not parallel. No matter what angle two lines 
make with one another, if a, b are the inter¬ 
cepts on these lines considered as axes of 
co-ordinates £, 77 of a line through the point 
(£, ??), then we have £ja I ij/b 1. If, then, we 
have the equation A(x)fa + B(:r )/6 -• 1, we must 
use £ — A(.r), 77 —in order to get the 
relation required between a, b and the gradua¬ 
tion x supposed associated with the point 
chosen. The construction of the nomogram 
is now obvious. , 

As an example, let A(.r)~ ?, B(.r) — x, and 
we get £ — x, 77 -x % so that the x curve is the 
straight line 77 —£. Jn this way ne get the 
nomogram in Fig. 12 for the optical formula 



\/u+ IJv 1 //, a nomogram which is men¬ 
tioned, but not as such, in many elementary 
books on Light. 

If we make the angle between the £, 17 
axes 120 ° we find that the units are the same 
on all three scales, and we can deal with the 
addition or subtraction of any number of 


reciprocals, provided that some care is exercised 
with the choice of signs in the even operations. 

§ (14) Z Charts. —Consider the equation 
x~a h , so that log x — b log a. To construct a 
nomogram for this relation we need a process 
for multiplying the logarithm of any quantity 
a by any quantity b. Similar triangles at 
once suggest themselves, and Fig. 13 is the 
nomogram required : a and ;r are logarithmic 
scales, and the scale b is so graduated that the 
number attached to any point on it is the 
ratio of the segments into which the line is 
d» /idod between the x, a scales. This is a 
segmentary scale, as already used in Fig. 7, 
§ (6). The graduations x' in Fig. 13 give the 



values of x'-a~ b . It is clear that / charts 
can be constructed for any relation of the 
form X(*)^A(a) H < ft >. 

VI. Four Vauiahi.es 

§ (15) General Cubic Location. —In 
Parts IV. an/1 V. we restricted ourselves to 
three variables. When there are more than 
three variables one of two cases can arise. 
Either the variables can be taken in order 
one after the other, as, for example, in the 
formula X -SA l B w C T ’ IP' . . . In this case 
we merely have a succession of nomographic 
processes joined up by means of reference 
lines (see § (8)). It may happen, however, 
that the variables are not thus separable. 
One example has already been treated, § (ft). 
Fig. 7. 

We now examine the case of the general 
cubic equation, which we shall write in the 
form x 3 4 - nx 2 f fix f b — 0. The cubic equation 
of § (12) is a special eafie in which w 0. We 
get a chart for all values d n by simply working 
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out a sorios of nomograms, on the same sheet, ' 
using a number of values of n. Analytic- ! 
ally this means that, using the method of ! 
§ (11), we have the form 


; —-h - + 1 = 0, 

■ -I- n, v x 3 + nxr 


so that 


Hence 


A (.r) , ' , Hu} ' , 1 

r ut ' ' x 3 + nx 2 


^ 1 ..... ?+i = _ ]___ 

■q x~ + nx * Tj a- 3 + n.c*’ 
and we get 

„ x x- 3 + nxr 

■ "i. •• • i.,,- • 

Wo notice that the x graduations are given ! 
by x— £/(£+ 1), so that, in terms of £, x is ! 
independent of n. In the nomogram of Fig. | 
14 the x graduations are indicated by means ! 
of straight lines parallel to the a, b scales, I 



Km. 14. 


and the values of n are attached to the various 
x curves. 

§ (16) Nomogram for a Prorlkm in ; 
Navigation. —To lind the direction in which j 
a ship is sailing with reference to «a given I 
landmark I*, observations of flhc bearing of | 
1* are taken from three positions A, B, 0 of j 
tho ship. In this way tho angles ABB a, ; 
BPC- /-1 are obtained; alsft the ratio, k, of j 
AB/BO is known. If the angle BBC is called 0 * 
wo easily lind that the following equation holds: ! 

(l l k) cot 0 - k out a - cot ft. A little eonsidera- | 
tion shows that we can apssunie k greater than 1. 
To get a nomogram for different values of all 1 


the variables involved, we work out nomo. 
g«vtns on the same sheet for a number of 
different values of k, the variables in each one 



t)eing a, d, 0. We thus get Fig. 15, due to 
S. Lister. 


VII. Otii1;r Mkthuds 

§ (17). -While referring the reader to the 
books mentioned below for further and more 
detailed information on the subject of nomo- 
graphy, it will be useful to indicate briefly one 
or two extensions of the methods described 
above. > 

§ (IS) Hkxaoonal Charts. —*N om < (grams 
with intersecting scales suggest what are 
known as hexa¬ 
gonal charts. In 
Fig. 10, <)A, Oil, 

00 are, three 
lines making two 
angles of 00° each. 

If from any point 
J* we dn^w per¬ 
pendiculars BA, D O A 

i'B. BC to these p I0 ^ 

lines, meeting 

them at A, B, 0 respectively, then we hive 
OA + OB- OO no matter what point 1* is 
taken. If we put logarithmic scales along 
OA, ^OB, OP we have an obvious means of 
carrying out multiplication and division, as 
in III. For purposes of reading we use a 
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transparent sheet (celluloid) on which are 
drawn three lines making two angles of (>0° 
each, and place it on the chart so that the 
lines t on the transparency are perpendicular 
to the lines on the chart. A fuither extension, 
is obtained if we introduce a fourth scale OD 
along At ) produeed. 

§ (ID) (Combination Charts.---T he com¬ 
bination of nomograms, as used in $ (8), Fig. 

9, ea ; . be extended 
tx> the ease of Z 
charts. This is 
illustrated iVi Fig. 
17, where a, b. and 
the line AB form 
one Z chart, and .r, 
c, and the line AB 
form another. AB 
is thus a referenec 
line, and remains 
ungraduated. The 
tigurc leads at ouee 
- avlby wi t h o bv io us 



Fig. 17. 


to a nomogram for 
extensions. 

§ ( 29 ) Ivm i’i kioal Nomograms. -»»Suppose 
we liave experimental observations eormecting ; 
three quantities a, b, x, and suspect that j 
there is a certain type of relationship between 
the three, we can decide the point by trying 
whether the observations can be worked into | 
a nomogram suitable to the type «>f relation , 
suspected. Thus if we think that X(x) —n , b m 
might suit the observations, where X(x) is j 
an undetermined functional form, and l, n\ \ 
are unknown constants, we take parallel I 
logarithmic scales for it, b a-fld use the auto¬ 
matic process for a number <if willies of x : ! 
the surmise is correct if the different a, b lines : 
for any x do actually meed in a point, and the l 
different points are eol linear. The value off//// ] 
is then determined by the relative distances of j 
the x line from the a, b lines, and the complete | 


empirical formula follows by comparing the x 
graduations with a logarithmic scale. A similar 
process can be adopted if some other type of 
l'elationship is thought to be the correct one. 
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Normal Eicitungr Kommission Alcohol 
T wills. See “ Alouholometrv,” § (1). 

Normal Equations, Tiik Solution of: per¬ 
formed by the'elimination between equations 
in pairs, or by expressing the value of any 
unknown as a determinant, which is to he 
evaluated in a schedule. See “ Observa¬ 
tions, The Combination of,” $ (7). 

Notch .Meters. See “ .Meters,” § (ill). 

N.P.L. Four-metre Comparator: descrip¬ 
tion and method <»f use. See “ Com¬ 
parators,” § (S) (i.). 

N.P.L. St'iiniviiuNi! Comparator: 

General description. See “Comparators,” 
$(IO)(ii.). 

Method of use. See ibid. § (12). 

N ctatlno Piston Meter. Seo “Meters,” 
§ (21) (ii.). 
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Observations : 

Balancing numbers of, in metrological work. 

See “ Metrology,” § (o) (ii*.). 

Balancing weight of, in metrological work. 
See ibid. § (5) (ii.). 

Distribution of, in time. Sec ibid. § (5) (i.). 

OBSERVATIONS, THE COMBINATION OF 

§(1) Introductory.— In the, following pages 
an attempt has been made to summarise the i 
standard methods of performing the various j 
kinds of computation which are met with in j 
the so-called exact sciences. 1 

1 They should only he applied with caution to 
statistical Biology. For this purpose, works devoted 
specially to the subject— c.g. those of Prof. Karl 
Pearson—should be consulted. 


The k principle of least squares has in¬ 
evitably been adhered to throughout almost 
the whole article—inevitably, because the pro¬ 
cesses based upon it are the only standardised 
and formal methods which have been de¬ 
veloped up to th<' present. At the same time 
an impression in the reader that the principle 
of least/ squares is’ “ the end of all things” 
would be erroneous, and a section has been 
added at the end setting out some minor points 
on which the method is faulty or likely to 
lead to misconception. 

An intelligent application of empirical for¬ 
mulae is Always to lie preferred^to their mere 
mechanical use. Therefore wherever possible 
a full verbal explanation of the reasons for a 
given conclusion or stop has been given, but 
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mathematical analysis has been reduced to a 
minimum, ho that the multiplieitf r of yymbolH 
which has at times been necessary never de¬ 
notes a corresponding complication in the 
mathematical processes. 

Tn many cases practical examples illustrate 
the principles. The results of all experiments 
of the kind considered in this article are 
physical magnitudes possessing dimensions, 
zero in certain cases. 

If a certain experiment gives the result : 
length All 1-00003 yards, the truth or accu¬ 
racy of this result will be influenced firstly by 
the errors of observation. These may cause 
the number 1-00003 to he slightly wrong. 
But the latter is also influenced by the fact, 
that the yard used for comparison was not 
the standard yard hut a standard yard. The 
error thus added to the observational error is 
contained in the scalar or numerical portion 
of the result. Hence if the other portion of 
a result, i.c. that possessing physical dimen¬ 
sions, contain always definite standard units, 
it can be regarded as a label only, and the 
results of all numerical experiment can lie 
thrown into the scalar form. For instance, 
the above result mav he stated as follows : 
The number of standard yards contained in 
the length AB 100003. So it comes about 
that the theory «>f the best adjustment of 
errors deals in essence only with scalar quan¬ 
tities. Its various propositions can he de¬ 
veloped without reference to any units, and 
although physical magnitudes of many different 
kinds occur iu its practical application - some¬ 
times even in one and the same application— 
they all disappear from sight and leave a 
purely arithmetical problem. 

The existence of totally different kinds of 
observation in a given piece of work, each 
kind demanding consideration in the adjust¬ 
ment of the whole, calls for a personal 
judgment on the part of the investi¬ 
gator as to what constitutes an error of 
the same degree of badness in the several 
kinds of observation. This done, the problem 
is reduced, as stated above, to a numerical 
one. 1 

Foi example, ail observer wishing to adjust 
his observations for the coefficient of linear 
expansion of a solid might decide that an 
error of 0-1° ( •. in one of his recorded tem¬ 
peratures would cause him as much displeasure 
as an error of 0-005 mm. in a single nfferometer 
reading for length. 

A surveyor might similarly fix the relation¬ 
ship between his base-line errors and his 
theodolite errors by saying that he was as^ 
likely to make an error of 10" in a single 
angular mcanurcmcnt as he was to he wrong 
by 1 part in 500,000 in his base-line measure¬ 
ment. * 

1 See § (f>) <vl.) and the* reservations in § (7). 
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$ (2) The Nature of Errors.— It is a eoin- 
j m< a place known to all practical experimenters 
j to say that there is no such thing .is absolute 
i accuracy. What meaning could he attached 
i to a slatemeift that the distance between two 
fine scratches on a polished bar was exactly 
10 cm. ? The finest scratches, when closely * 
i examined, become valleys with many indctita- 
| lions, so that an exact apprehension of the. 
j centre of the scratch is impossible. The best 
! chronometer in th.- world will make so many 
1 oscillations with its balance wheel in each 
! mean solar day, plus or mi tins a very small 
1 quantity. 

! This notion of plus or minus something 
i attaching to the statement of all magnitudes 
is always present in t«he minds of scientific 
men, ano the facility attained in dealing with 
experimental data, i.e. in the combination of 
observations, is closely bound up with a 
proper appreciation of the way in which Phis 
plus or minus quantity pro pay ales itself from 
one stage to another of the calculations, finally 
appearing as an uncertainty in*ihe end result. 
To lind•general methods of computing from 
observations which shall give a smaller plus 
or minus quantity in the end result than any 
other methods may be stated to be the central 
object in the theory of the combination of 
observations. 

Bearing in mind the illusory character 
of the “ true *’ value of any quantity 
sought, we may think of any quantity which 
#lies between certain close limits as the true 
value. 

The difference* between an assumed or 
observed . alue and* the true \alue is then 
spoken of as the error of the assumed or 
observed value. f Wie difference between a 
single observed value and one computed from 
a solution of the whole or part of the problem, 

I whether this he the linal solution or not, is 
; called a residual. 

. The determination #of physical quantities 
from observations is always burdened with 
errors, among which those arising from the 
; ealeulation can be cut down to any desired 
! extent so long as the computer is prepared 
I to expend the necessary amount of labour 
' «>n them. On the other hand, mistakes, whose 
! definition here is scarcely necessary, are more 
likely to occur in calculation than in recording 
l observations. 

| Errors*of observation fall into two fairly 

distinct classes, accidental and systematic , 
tin ugh the dividing line is sometimes difficult 
to place. The essential characteristic of acci¬ 
dental errors is that any one observation is as 
I likely to have a positivo error of a given mag¬ 
nitude as it is to have a negative error of the 
sairy> magnitude. 

j One of the chief limitations to accuracy 
' of observation — a source, that is to say, of 
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accidental errors—is the fallibility of the eye 
and hajid of the observer, but there are many 
kinds of observation in which the attendant 
circumstances play a greater part. Every ex- f 
periment is in fact attended by a mini hereof 
circumstances or conditions , each of which is 
liable to have a definite eifect on the result of 
a siagle observation. In so far as these con¬ 
ditions produce effects which change in an 
arbitrary manner from one observation to i 
another, they lead to increased accidental | 
errors, in spite of all the skill of which the j 
observer may be possessed. For this reason, ] 
and for the reason that the number of effective j 
conditions is generally much greater than is i 
supposed, it is bad practice for an observer to j 
weary himself bv bestowing a maximum of 
energy on each observation. A large number j 
of observations performed with caution but j 
in an easy, flowing manner is much better i 
than a few observations made by an observer j 
over-anxious to use his eye to the very best j 
advantage. 

If one of tiiC conditions mentioned above 
be imagined to persist in its influence 
on a long series of observations, or even 
on a few, in such a way that its effect no 
longer varies arbitrarily but according to some ; 
law, we have what is known as a systematic j 
error. 

The simplest of these is a constant error , . 
which burdens all observations with an error 
constant in sign and magnitude, over and ' 
above those from other sources. Systematic i 
errors are the experimenter’s greatest enemy, 
and it may be truthfully said that the search 
for possible causes uf them is nine-tenths of 
fhe battle in all physical measurements. The 
search is rendered a hopeful one by the fact 
that the error in question mast be. systematic 
with respect to something. Once detected it 
must l>e eliminated at all costs. Throe typical 
methods of doing this exist. If the effect of 
the systematic error it quite determinate a 
correction is* made for it. The records of 
all celebrated pieces of exjierimental work will 
he found to abound in such small correcting 
terms. 

If the cause of the systematic error is known 
or suspected but the determination of its effect 
is impossible or inconvenient, an attempt is 
made to eliminate the error by making the 
observations symmetrical with respect to the. 
particular condition , This is a still gpmmoner 
practice in experimental work, and the best 
observer carries out his work with a maximum 
possible, but symmetrical, variation of those 
conditions not fixed by the nature of the j 
experiment, even though there be no obvious ; 
danger of systematic error arising if the con- j 
ditions are not so varied. An example o{. the ' 
first method is the correction for the buoyancy j 
of the air in weighing an object whose density j 


is much smaller than that of the weights. 
The second method is applied when the object 
and weights are interchanged on the pans so 
as to eliminate the systematic error arising 
from a possible inequality in the lengths of 
the balance arms. 

The third possibility is the method of substi¬ 
tution, which is in many ways the most satis¬ 
factory. Before or after making the experi¬ 
ment to determine the unknown magnitude 
a known magnitude, like the former in as 
many respects as possible, is substituted 
for it, and the difference between its ob¬ 
served and its known value gives at once 
the correction, or an easy clue to its calcu¬ 
lation, for application to the experiment on 
the unknown. 

For instance, knowing the length of the 
seconds pendulum at sea-level in latitude 4f>°, 
we might wish to determine the length of the 
simple pendulum equivalent to a given com¬ 
pound pendulum by determining its time of 
swing. The particular station being neither 
at sea-level nor at 4f>°, the correction would 
best be made by substituting for the unknown 
pendulum another whieh was known to have 
a certain time of swing at sea-level and 4f>°. 
If the two times of swing were very nearly 
the same (i.e. those of the two pendulums) the 
correction could be applied directly as the 
discrepancy between the actual period of the 
standard pendulum and its period under stand¬ 
ard conditions. Otherwise it would he given 
by a simple calculation. 

A practical observer may himself be the 
cause of systematic error—the so-called per¬ 
sonal equation. This is especially the case in 
experiments involving the measurement of 
time. 

Sufficient has now been said to make it 
clear that the object of experimental precau¬ 
tions is to reduce all the errors to the accidental 
class. Not only the observer, hut the instru¬ 
ment designer, should have this continually in 
view'. The material of the succeeding pages 
applies, st rictly speaking, only to those observa¬ 
tions which contain nothing but accidental 
errors. 

Much of what has been written in the 
present section belongs rather to a discussion 
on practical measurement than to one on the 
combination of observations. Yet the im¬ 
portance of a right attitude on the part of the 
worker tb systematic error is so great that it 
has been thought fit to include a full statement 
on this part of the subject. 

§ (3) Probability and tub Law ok Errors. 
—The discussion of probability is scarcely 
within the scope of the present article. It iff 
a difficult’ thing to define, and the usual 
definition, as the numbers of ways in which 
an event can give ritffe to a certain result 
divided by the total number of ways in which 
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it can happon at all, leaves the mind still 
seeking an antecedent definition of proba- 
bility rather than an a posterior' o^e. The 
difficulty can be dismissed by a compromise 
between the innate “ expectation ” view of 
probability and the numerical definition. The* 
two are not contradictory, but both arc essential. 
It is natural that a search should have been 
made for some general mathematical formula 
to express the distribution of chance or “ hap¬ 
hazard ” quantities, such as accidental errors, 
about some value on which they appear to 
concentrate (zero in the case of accidental 
errors). There is in reality no such tl* : ng 
as a chance happening in 
nature, 1 and wo can only 
define accidental errors as 
those, resulting from causes 
too many in number and too 
complex in their laws to be 
known. 

It is therefore to be ex¬ 
pected that the desired 
distribution law will apply 
to many other things besides 
accidental errors. The prob¬ 
lem and its offshoots are 
associated with the names of 
some of the greatest mathe¬ 
maticians of the past, such 
as Gauss, Laplace, Bessel, 


-□ -7 -o -5 -4 -3 -2 -l 



be quite unreliable for very small numbers of 
observations. For the purposes of .eating 
Gauss’s haw of Errors by the distribution of 
actual sets of errors the infinitesimal width 
between th^ limits x-\ix and x l £Lr must 
be increased to the practical finite limits 
r-IAx and x ^Sx. Only in this way will 
a reasonably smooth curve be obtained. As, 
an example of such a curve the distiilftithm 
of 174 residue Is in a certain case is shown 
in Fig. 1. The residuals are the differences 
between observed and calculated monthly 
meao s:.a levels at three tidal observatories 
in the British Isles, the calculated values 
resting on a fairly simple 
formula resulting from an 
analysis of the records them¬ 
selves. These residual" 
consvituto one of Nature’s 
“ haphazard ” groups of 
quantities, though they are 
not that particular variety, 
involving the human element, 
which we call accidental 
errors of Observation. In 
this ease it is the observed 
quantities themselves which 
follow a large number of 
complex laws, and the errors 
of observation were probably 
nil in comparison with the 
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Magnitude of Errors 


and Airy, and the law is generally known 
as (inn. s.s’.s Low of Errors. It states that 
the probability of an accidental error lying 
between x - and x i- Jr .r is 

h ; 

v rr 

or, writing h- 1/e, 

.r* 

1 ' <■'- 
e ex. 

c \ n 

The latter formula has perhaps a slightly 
more immediate significance. Wjth the usual 
definition of probability tjie formula means 
that if a large number N of observations be. 
taken a number equal to N times the above 
expression will have ^errors lying between 
x - fx and x+ h?x. This will approximate 
more and more closely to thf truth as N 
approaclfbs infinity and will, for obvious reasons, 

1 <:f. D. Brunt, Tin 1 Combination of Observation*, 
Cnmb. Unlv. Press, 1917. p. 3. 


fluctuations observed. The generality of 
the distribution law is thus exhibited. 
The residuals were divided into groups 
having a range of 0-05 ft., so that the 
central group contains residuals between 
- 0-025 ft. and f 0-025 ft., that next on the 
plus side those between 4- 0-025 ft. and 
l 0-075 ft., and so on. The ordinates are the 
numbers of residuals occurring in each group, 
and the joints are joined successively by 
straight lines. 

Since these distribution curves generally deal 
with errors, wo shall speak of these instead 
of residuals in discussing the curves in the 
sequel 

What is the best Gauss’s distribution curve 
which can be drawn through these points ? 
An easy method of finding the constant h is 
as follows: Galling y the observed number of 
errors lying in the given group, and making 
the group-widthequal to unity (1 unit - 0 05 ft.), 
t,ho group centres are at abscissae - x, - x 4 1, 
. . . -2, -1, 0, 1, 2 . . . x- -1, x . . . The 
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total number of errors is 174, so that the 
distribution formula is 


\m 


- A\r 2 


. . 174A „ 

log,, y = Iog t . , - lrx“. 


Thus if log, i/ be plotted against x 2 , a straight 
line with a slope of tan -1 -A' 2 should be 
obtained. The value of A so obtained may be 
called A,. From the ordinate where the line 
caits the axis of log,, y is obtained another 
value h.>, equal to y n \rrj 1/4. The mean of A, 
and A» may be taken as 
the best value of A. 

Before taking log, y 
the + errors are added 
to the - errors belonging 
to the group of the same 
magnitude. This > ’ ex- 
liihited graphically in 
Fi<j. 2, which shows the 
left-hand half of Fit]. 1 
folded over on to the 
right. A number of 
narrow closed areas is 
formed, and those denot¬ 
ing that the + errors 
have been more numer¬ 
ous than the - errors 
are tilled in with vertical 


2 34507 8-9 

Magnitude of Errors (+or~) 



Fio. 


lines. Where the - errors arc more numer¬ 
ous, horizontal lines till in the spaces, 'l'he 
fundamental property of accidental errors, 
namely, the equal probability of a + and a - 
error of a given magnitude, is well illustrated. 
The dotted line joins points denoting the 
mean numbers of errors in each group irre¬ 
spective of sign. In plotting log, y against x 1 
it is useless to retain groups in which y is 
expected to be 1 or less. 

From Fig. 2 the values of x z and ?/, and 
hence log, y arc 

r* . -> 0 1 4 9 10 * 25, 

y __>27 30 5 19 12 5 5 3-5, 

log,//—> 330 3 32 2-94 2-53 1 01 1-25. 

Fig. 3 is the graph of log, y against x 2 , and 
tho relationship is seen to he linear. The 
points lying towards the right, are expected 
to depart from their theoretical position 


more than the others because the addition 
or subtraction of even one error in these 



The slope of the straight line is 
25 

Therefore A a : \ 0 <1944 - 0*3072. 
From the zero end of the line 


0 2912, 


i A sufficiently good approximation is A - 0-3. 

The best distribution curve is therefore 
I represented by 

V !71' 

s'tt 

-•2944c 

This curve has been superposed as a dotted 
. line on the actual distribution graph of Fig. 1. 

The agreement is seen to be satisfactory. 

; The common experience that (Jauss’s F.rmr 
Law does in practice give a close approximation 
i to the actual distribution of errors is the 
1 justification for using it. as Hie pedestal on 
I which to base an extensive theory and practice 
i of the adjustment of precise observations, 
i For the many ingenious ways in which it has 
j been deduced theoretically the reader should 
! consult one of the many works dealing with 
| the theory of errors. 1 

I § (4) Dkijj/ctionh fkcm tin-: Law of Ehkous. 

: —The law is so fundamental in the theory of 
i errors that the following conclusions or pro- 
i positions to be deduced from it should bo 
carefully noted as forming a foundation for all 
subsequent formulae. 

> 1 Most of the text-books mentioned in/he Refer¬ 

ences at the end of Mm urtlele give one or more proofs. 

; I’or an article devoted specially to this subject, see 
: (il iisle r, Memoirs It.A.S. vol. xxxix. 
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The first 5 may be stated on inspection, 
while the remainder depend upon mathe¬ 
matical analysis. It is convenient toAisc the 
. N , 

form —— e r v r.r. ' 

c vr 

(i.) The probability of a large error is smaller 
than that of a small error. 

(ii.) The most probable error of all is zero. 

(iii.) The probability of a given error is 
equal to that of a - error of the same 
magnitude. 

(iv.) The formula contains only one paia- 
meter c. The law of errors is therefore die 
same for precise observations as it is for rough 
observations, and the parameter, which is 
called the modulus, serves to define the rough¬ 
ness of the observations or, in other words, the 
scale of the errors. 1 

(v.) From the well-known theorem that the 
probability of several events all happening is 
the product of their individual probabilities wo 
deduce a probability proportional to 




for the simultaneous occurrence of a set of 


(viii.) From (vj\) and (vii.) vve obtain Un¬ 
important result 

0 47(10 ....... /!>*]' 

(ix.) The p.o. of any quantity A + 15 + C+ ... 
formed by the addition of quantities whose indi¬ 
vidual p.e.’s are a, b,r . . . is \a 2 -\ b- -i-c--t-*. . . 

If a -b the p.o. becomes t N '«. 

Hut the p.o. of >n\ is va, since the same actual 
error ‘ns into each of the n A’s. 

Theu'ore a further generalisation is 

p.e. of pA + <fJ H-rC + . . . 

■ s phi 2 | q 2 b 2 +r 2 c 2 + . . ., 
and for the weighted nVan 

pA + qJK l rC -t- . . . 
p + q \- r + . . . 

• i 

the p.e. is ^ times this last p.e. 

p | q + /• t . . . 

Hence for the simple arithmetic mean, where 
p — q - etc. 1 and a b etc. - t the p.e. 


errors .r,, :r.>, etc. Ilcncc the most probable 
result in any piece of work is that which makes 
( c i/‘‘i) a ('t* r a/ r a) 3 ■ • • a minimum. This is the 
Principle of Least Squares, and is so much 
to the fore in the theory of combining observa¬ 
tions that is common to find text-books with 
the title of ” least squares.” 

111 he errors .tj, x. t etc., all belong to observa¬ 
tions of the same supposed precision tin* con¬ 
dition reduces to .r,- | x,r |- . . . a minimum 
The quantities J'.le^, etc., are what we 

have called in § (1) degrees of badness.” 

(vi.) There is a point on each side of the curve 
such that the probability of obtaining an error 
greater than the one denoted by the point is 
equal to the probability of obtaining one less 
than it, and these two points are obviously at 
equal distances from the ordinate denoting 
zero error. This error is called the probable 
error and is shown by tables of the integral 
of e~ •'■',Vv.r to be equal to 0 47(>0e. A name 
such as “ characteristic, error would really 
be more suitable, since the most probable 
accidental error is in all cases zero. It will 
be referred to as the “ p.e.” and is the quantity 
preceded bv the sign ! which so often figures 
in the statement of numerical results. 

(vii.) The error of mean .svpmre, 2 # which is 

\A» 2 , i.e. s'l-r 2 ) /a, can be show if to be equal to 
c s /§ or 0-7071r. 

It is generally written as jl. 

1 The significance of the jmrameter ' may be 
retneinliereit t>y noting 1 hat it stands for "clumsiness” 
or " coarseness ” in the observations. • 

* Unfortunately sometimes referred to as the 
” mean error.” thus confusing it. with the arithmetic 
mean error, irrespective «f sign, which is equal to 
c/ s / n - 0 f>042(*. 


i 

In applying these simple rules k must be 
remembered that the observations giving rise 
to the quantity H must be entirely independent 
of those «n which A or C rest. 3 Where this 
condition is not fulfilled and the fact is over¬ 
looked, too optimistic a view- of the result is 
obtained, i.e. the p.e. is always underestimated. 
# It is to be noted that the methods of cal¬ 
culating p.e. given in (ix.) above are all a 
priori metjmds. That is to say, a p.e. of 
observation is assumed, and a. final p.e, cal¬ 
culated. It is oftcyi necessary to judge the 
j p.e. of observation by the results, that is, to 
| use an a posteriori method. If the errors 
! jc could be certainly known, proposition (viii.) 

I above'would give the p.e. of a single observa¬ 
tion. Hut. it is necessary to make allowance 
for the fact that the best value ofjhe unknown 
obtainable results from an adjustment of the 
Fs themselves and is not necessarily the true 
value. 0-0745 \ [ a* 2 ]/« would therefore always 
underestimate the p.e. It ran be shown without 
difficulty that where the true value of the 
unknown is not available it is correct to write 1 
p.e. - 0-0745 s /|.r-|/(» - 1). We may also an- 
| tieipate matters a little by noting a further 
j propositi^, namely, that if q unknown quantities 
j are indirectly determined by means of w in¬ 
dependent observations having each an actual 
error .r and p.e. u* 0 , the p.e. of an observation 

3 A very good discussion on so-called "entangled 
measures" will be found in Airy. Theory of Errors of 

| Observation, Macmillan, 1801. The bonk is now 
out, of print, but is to Ik* found in most scientific 
libraries. 

4 See, for instance, Airy, Errors of Olio-ration, pp. 
44-47 
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having unit weight is 1 0*0745 v]^ 3 /* r o 8 i/( w ~ V)- l 

Instead of the symbols ,i ,3 /.r 0 3 the notation j 
pv 2 , i.e. wt. x (residual) 2 , will be found in [ 
many text-books, hut the former notation is 
retained here as being a little more expressive. : 

Returning to Fij. I, proposition (vi.) above j 
shows that the j 

0*4700 . / . I 1 \ 

p.e. — ^ .j - units 1 since 

= 1-590 units. 

Error of mean sq. n 


Suppose that a constant quantity, whose 
true value X is nought, is measured directly 
by n observations all supposed to be equally 
g >od, and that the results are X,, X 2 , . . . X„. 
What is to be taken as the best value of X ? 
The arithmetic mean (X, + X 2 -f ... +X H )fn 
is the value which has at all times been taken 
instinctively as the best. Yet. in the absence 
of any guide it would be conceivable to light 
upon such formulae as 


{ X," -t- X a "‘ + ... + X,/ 1 


\ 1 
j "* or (X,\ 2 ... X„)» 


= 0*7071 c 


2*357 units. 

At the points .r - j- 1/590 (P and — P) and ! 
x~ i 2*357 (M and — M) ordinates have been j 
drawn. The ordinate at P divides the right- ! 
hand half of the area bounded by the curve 
and. the axis of abscissae into two equal parts j 
(cf. definition of probability, $ (3), and definition 
of p.e. (§(4) (vi.)), and that at — P does the same 
with the area devoted to negative errors. The j 
actual sum of the squares of the 174 residuals 
is 1103-4 when expressed in units of 0-05 ft. 
Hence from the formula derived above 


p.e. 


= 04)745 


/1103-4 
V 173 


Idle principle of least squares gives a simple 
answer to the question. Each observed value 
of X, such as X t , is burdened with an actual 
but unknown error a\ X, -X (see limitations 
as to the “ true ” value of X in § (I)). We have 
to choose a value of X such that- any other 
value for it will make r, 3 | .r., a |- , . . h x n 2 
greater than the one chosen does. 

If we took several values of X and found for 
each one the value of |a* a j i.e . of 
the expression .r, 3 -i x., 2 )- . . . | x t , 2 , 
and plotted the result we should 
obtain a curve something like Fig. 4, 
showing a minimum value of [a; 3 ] 
at O for a certain value of X,, say X 0 . 
The latter is the required value. 


= 1-704 units as compared .vith 
1-590 from the ideal curve. 

It is to be expected that the sum of the 
squares taken from the irregular curve shoulu 
be greater than that taken from the smooth 
curve. 

It was noted earlier that Gauss’s distribution 
law gives as a criterion for the best result the 
least squares condition. It now remains to 
show how this condition is to he satisfied in 
practice. 

$ (5) Tine Combination of Observations. 
(i.) Direct Measure merit of a Sitv/le Quantity .— 
The simplest set of observations is that in 
which a single quantity is determined by 
direct measurement several times. Such for 
instance is the measurement of a length by 
direct comparison with a standard, or the 
determination of the altitude Vif the pole-star 
for latitude. 

The quantity measured is constant or only 
varies through small amounts which may or 
may not be calculable. If they are calculable 
the method of corrections (§ (2)) ti applied. 
For instance, corrections for small fluctuations 
of temperature might be made to the observed 
lengths in the first example above, while the 
small circle described about the celestial polej 
by the pole-star would be allowed for in the 
second. 

1 See Merriman, Mdhoti of Least Square*? John 
Wiley A Sons, 1915, 8th eel. j>. 80 (London : 
Chapman <Sc Hall). 



Comparing the value of [.r 2 | for a point P 
not far from O with that at O we liud that it 
exceeds the latter bv a very small amount OQ. 
Thus there are in the neighbourhood of X 0 a 
number of solutions which are very nearly 
as good as X ( „ and the criterion for X 0 itself 
is that the alteration of X, through a very 
small but appreciable amount makes no 
appreciable difference at all to f .r 3 ]. Reverting 
to the unknown symbol X for X,,, lot AX be 
such a small alteration to X and Jet the new 
errors )>e called ?/,, y., . , . y n instead of 
x v x iy . . . x lt '! Then 

[*«] = (X 1 - X)* + (X„- X)» + . .. +(X„- X)«, 
[y 2 ] - (X, - X - AX) 2 + (X, - X - AX)* + 

+ (X„-X-AX) a . 

When AX is made a small emfiigh quantity, 
we can. in view of 4 tho above statements, 
write [x 2 ]~ fy J j, and since (AX) 2 may be 
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considered negligible in comparison with | 

AX(X.-X) J 

0-2AX(X,- X)*t 2AX(X 2 - X) i . • ■ ) 

-t 2AX(X„ ~ X) 

or, since AX. docs not itself become zero, 
(X,-X)-i(X,-X)+ . ■ ■ 4(X„-X)=l* 

X. + X.+ ... +X„ 


and 


X 


X 


The arithmetic mean is therefore not only 
indicated by common sense to lie the njpst 
probable value, hut is proved to he so hy the 
principle of least, squares. It is justiliahle to 
reverse the order and to say that the principle 
of least squares, and with it the law of errors, 
is founded upon the rule of the arithmetic 
mean for the combination of direct observa¬ 
tions on a single quantity. This was indeed 
the sequence of ideas in the mind of Gauss, 
whose name is usually associated with the 
law of errors. 

(ii.) Weighted — Suppose that tlio 

mean of the lirst four observations given by 
x (X, I X, • XV- X,) I were available, but 
that the four individual observations were not. 

H is obvious ill the lirst place that the same 
result follows if we put j 

4X„ 1 X i: *X f .+ . . . _+X„ ; 

4 • /. I) 

and in these.id place that this is the correct 

thing to do. This introduces the idea ol 
■weiqhU'd observations. The value X m , being 
the' mean of -1 observations, is considered to 
have weight, t. Where the observations or 
partial values have weights etc., the ^ 

weighted mean is 

i/qX j t «qX, t- . . . i «>X”. 

«q , w, + i 

• The assigning of weights to the quantities 
X X etc is often a matter of personal 
judgment,, esnccially where the quantities 
are actual observations. In other cases the 
wei'dits are derived from the Known p.c. s 
of the quantities X„ X 2 , etc., for there must j 
|,C some relationship such that a quantity 
with large p.c. is assigned a small weight ui 
ami rire remit. From the example given 
above, the lirst, term iiqX, is evidently eqm_ 
valent to «•, hypothetical observations all ol 
the same weight. From proposition (ix.). 
jj (4), the p.c. of the mean of those uq 
observations is ./v'uq, where « is the p.e. of 
any one of them, i.c. # 

* 

The weight to he assigned to any partial 
result is therefore pAportional to the reciprocal 
of the square of its p.c. 


Since the weights may all be multiplied by 
any constant factor without altering the value 
of HqXi-t VjX.-t . ■ ./«■, tw -1 I •> "'eights 
an. only relative mimbers and we may drop 
the symbol*c. The quantity 1'(p.e.} 2 is then 
referred to as the theoretical ueigll of the 
result, to which it refers. The theoretical 
weight W of the weighted mean n easily 
found as follows. From proposition (ix.), 

§ (I), 

(p.c. o' weighted mean) 2 

° «q«(p.e. "f X,) 2 S «b 2 (p.e. of X_,)»+ ■ • •_ 

(wq + wq . . ■ + Y 

Since, for any particular X, ic(p.e.) 2 1, 

this becomes # 

mi, J w 2 -I- • • • 

) 2 

i 

. .- * 

(i/q t uq + • ■ 

But (p.e. of weighted mean) 2 1/W, hence 

W «q i- uq + ■ • ■ 

The theoretical weigfit of a properly weighted 
mean _ is therefore the sum of the weights of 
the partial results. . , 

A caution is needed against a too rigid 
adherence to theoretical weights where these 
i dcpond'npon apparent p.e.'s. 

As will he seen later, the p.e. determined 
from small numbers of residuals is a very 
unreliable quantity, and an arbitrary assign¬ 
ment of weights will he much better ill such 
eases The least squares condition, which is 
,-)■ «*,;<•„)*+.. • • » niinigmm (see pro- 
position (V.), § (•!)). is now seen to he equivalent 
to «qV I «W • ■ ■ a minimum. 1 his 
summation is often given in text-hooks with 

the notation pp\" ■ PdV 1 ■ • • . . 

(hi.) Indireel Measurement of a Single Quan¬ 
ta,/.- Examples are the measurement of electric 
current by the deflexion of the "cede of a 
galvanometei. the determination of elasticity 
b v the measurement of extensions and forces 
aiul the determination of the acceleration o 
gravity by measurement of time of swing and 
length of a pendulum. It will be noticed that 
in 1l,e lirst example only a single quantity, 
namely an angle, is measured. Now the 
indirect measurement of one quantity by the 
direct, measurement of another presupposes 
some experiment in which a connection has 
been established between the two different 
kinds of magnitude. Further, this initial 
experiment must have been founded on the 
definition of the unit in the desired physica. 
i quantity. Electric current is defined by the 
j reciprocal force between a coil of wire carrying 
a current, and a magnetic pole ; so that if «c 
could determine exactly the configuration of 
I the coils in the galvanometer, together with 
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the distribution of current producing a mag¬ 
netic field equivalent to that of the actual 
control field, such determination would con¬ 
stitute the preliminary experiment mentioned 
above. But this is impracticable, and the 
most usual solution of the difficulty for all 
kinds of such units is for a very carefully 
executed fundamental experiment to be 
entrusted to some worker or committee of 
workers. This experiment rests, directly on 
the definition of the unit and has for its object 
the determination of the unit in terms of some 
quantity which is easily reproducible. If. the 
case quoted it is the amount of silver deposited 
by unit current in one second. Even in the 
event of subsequent research improving on 
the fundamental experiment—a not un¬ 
common occurrence—it is usual to allow the 
practical unit determined by the fundamental 
experiment to stand good, for as stated in 
vj (1), it then serves only as a label. Ri the 
ease of the galvanometer the quantity 

measured, namely, an angle, is still unrelated 
to the required unit, for the fundamental 
experiment only relates, say, 1 ampere to a 
mass of silver and a time. A secondary 

experiment on the particular galvanometer 
is necessary. In this, 

observed angles of de- ^ C\ sin 2 (2 10 ) -M 

llexion are linked up sin 2 (2 < l() J ) -* 

with observed masses 1 

of silver deposited in — 0 • 05C,, + 0 - 33(- 2 + 
observed times. 'Phis 

operation is called .standardisation or calibra¬ 
tion. 1 

It will now be seen that the application 
of elaborate , rules for tip* combination «»f 
observations is quite useless unless the instru¬ 
ment used is well standardised. If the 
instrument is of good performance - i.e. if it 
can be relied upon always to give the same 
result for the same conditions, it is doubly 
to be desired that no errors should he 
allowed to creep in throqgh bad standardisa¬ 
tion. 

In those cases in which the observation of 
two or more different kinds of quantity is 
necessary in order to determine a single 
unknown it will generally be found that the 
observed quantities combine together to form 
a result of the correct dimensions, so that no 
preliminary experiment is implicated. For 
instance, the formula g Air'Hj'Y- shows t hat if 
we measure the length of a simple pendulum 
and its time of swing in the proper units we 
can immediately obtain the acceleration of 
gravity in units belonging to the Rame system. 

As an example of the combination of 
observations for the indirect determination 
of a single unknown, suppose that a given 

1 Calibration implies the standardisation of* a 
whole scries of Indications of an instrument or 
staniiard. 


current was passed in scries through four 
tangent galvanometers and that the de¬ 
flexions Kvere 10°, 30°, 45°, and 70°, indi¬ 
cating currents C t , C 3 , and (', for tho 
,actual current C. Required the best value 
to take for C. 

Tf A 0 was the p.e. of an angular measure¬ 
ment in all eases, tho corresponding p.e. in 
C. for any galvanometer was 

AC — /- see 2 0 A 0, since C —/• tan 0. 

The factor /• see 2 () or AC/ AO is the sensitiveness 
of • he indicated current to changes of 0. k is 
a constant for a given galvanometer, but is 
not the same for all. In order to obtain an 
expression for AC which contains no variables 
hut 0 and A 0, substitute k C cot 0. 

AC = 0 cot 0 see 2 0 A 0 

- - r , A,, 
sm 20 

The weight of each observation is to he pro¬ 
portional to l/(p.c.) 2 . Dropping the constants 
20 and Art, which are the same for all, the 
weights are sin 2 2 o lt sin 2 2 0, it etc., and 

J £ sin* (2 - 30'“) + 0.,sin 2 (2 v 45°) -i t>in 2 (2 x 70°) 
-sin 2 (2 x 30°) -f sin 2 (2 x 45°) + sin 2 (2 x 70") 
0-440 3 + 0 ISO.,. 

The sensitiveness of the observed quantity 
to a change in the unknown quantity is very 
important, both in experiment and in the 
combination of observations. A precise instru¬ 
ment allows observations highly sensitive to 
the unknown quantity to he made, hut 
unless the performance of the instrument 
improves side by side with its sensitiveness 
the benefit is illusory. 

The further consideration of examples of 
the determination of a single unknown by 
the simultaneous observation of two or 
more variables must be deferred to a later 
section. 

(iv.) The Simultaneous Determination of Tiro 
nr More Unknowns .—It frequently happens 
that observations are taken of a variable 
which is a linear function of several quantities, 
such quantities being the unknowns which it 
is desired to determine. 'Phis ease is treated 
here because it is important as the basis of 
the general method of reduction of observa¬ 
tions. Suppose that an observed variable X 
can be represented by 

, X - PA*+ QB + RC. 

A, B, and C are the unknowns to be determined, 
and P, Q, and R are either constants or other 
observed quantities whosit p.e.'s of observation 
are supposed to be negligible in. their effect on 
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the solution when compared with those, of X. 1 j 
An example is the determination of the 
coefficient of thermal expansion of# a body, I 
including terms in t' 1 as well as t. The equation 

is « 
L L 0 I at \ (it 2 , f 

so that A, B, and (.' are replaced by L 0 , a, and 
ji ; P, Q, R by unity, l and l 2 . 

In the general case above n sets of simul¬ 
taneous (or as nearly simultaneous as possible) j 
observations of X, P, Q, R are made. If these ' 
observations were all errorless the following 
equations would all be rigidly true : a , 

X, 1*,A i Q,B I RjC, 

X 2 --P 2 A + Q 2 B i RoC, 


X„ I\,A i-Q„B + R„U. 

Using symbols x r x. r etc., for the unknown j 
errors, we can subtract these from the observed ! 
quantities and so obtain the following true 
equations: 


F l -P,AA, and a new set of errors results, 
the sum of whose squares is 

(I 1 ’, ' 1’i-iA)* I {Kj- !’ a AA)- ! . . . 

v Neglecting the squares of PjAA,’ etc., in 
comparison with FjP,AA. etc., the differ¬ 
ence between this sum and the original 
F, 2 -t-F t 2 q- • ■ - is , * 

2F ( I’,AA q 2F a P t AA+ . . ., 

and thin is to be e(pmted to zero without 
putting AA 0, sh that the condition for 
leas© squares as far as A is concerned is 

P,F, f P 2 F 2 q- . . . t P„F„ 0 

or (IV i IV l • • -)A t (l , 1 Qi t P 2 Q 2 + . . .)B 

I (P,B, i P 2 R 2 b . t. 0 P,X, q P 2 X 2 t .. 

This is usually written 

[PP]Aq[l>Q|B + [PRJC [PX]. 

• * 

Applying the same criterion to B in precisely 
the same way, wo obtain 

I PQ]A 


X, - .r, - l\A q QjB t RjC, 

X 2 -ar a l‘,A i Q..B i-B 2 C, 
etc., etc. 

The principle of least squares indicates as the 1 
best values of A, B, and (' those which make '• 
a, 2 i .<V i- . • • be. |.r 2 | a minimum. We can ; 
determine how [.r 2 ] varies when any one of i 
the unknowns is made to go through a series#! 
of values, assuming the others to be eon- j 
sfant. The curve of [a -2 ] against A, for ’ 
instance, might reproduce Fit/. 4, and so j 
long as B aful U had not been assigned 
values very far from the true ones, the • 
lowest point, of the curve would denote the j 
most probable value of A. 

Applying the same criterion as before • 
(§ (*>) (*•)), if is necessary to assume a very j 
small change AA in A and to equate, the j 
change in [> 2 | to zero. 

From the last set of equations 

x t X, (l’,A rtj,B + li,T') - F, say, 
x, - X s - (P 2 A t QoB q- R 2 (') - l‘\> say, j 
etc., etc. 

If we change A to A 4 AA, F, becomes : 

• • i 

1 Note on the notation used in this article, in I 
all general statements observefl quantities whose 
errors are to he noticed are denoted by X, V, /,,, 
X 2 Yo /<., et.e. Observed quantities whose errors 
are not. to be notieed are denoted by P, Q, It,, P 2 
Q, K s , etc. T'nknown conftants whose values are 
sought are called A. B, <’.... Wherever possible, 
small portions to be added to or sid>tract.ed from 
any quantity, whether such portions be errors of 
the observed quantities or corrections to tentative 
values for the unknowns, are denoted by the corre¬ 
sponding small letters* Thus, errors of Xj, Y l( Z,, 
are x lt t/ x , z x . Corrections to A, B, C are a, b , c. 


and from 0 • 

. [PR]A 4 [QR1B-I [UBIU-^LBX]. 

The principle ot least squares demands that 
all these conditions be fulfilled. The number 
of conditions being equal to the number of 
unknowns, the equations give, when solved, 
the most probable values for the latter. The 
equations are known as normal equations, 
and their derivation is seen to he according to 
the follow ing rub*: “ Multiply each observa¬ 
tional equation P,Aq-lJ,Bq lt,(' X t by the 
coefficient- of A in the said equation. Add the 
resulting equations. Perform similaroperalions, 
using the coefficient of the next, unknown B in 
each equation as multiplier in that equation. 
Continue till all the unknowns have been 
so freated, obtaining thereby a number of 
equations equal to the number of unknowns." 

Before giving some methods for the solution 
of normal equations it is necessary to treat the 
ease in which the observed quantity is not a 
linear function of the unknowns. 

(v.) Reduction to the J/mear Form. —As an 
example of a simple hut non-linear relation¬ 
ship between the principal observed quantity 
(see (iv.) above) and the unknowns, take the 
ease of the readings of a leading screw in a 
lathe or measuring-machine. These might he 
expressible by such a formula as 

X 1\ + B sin 2ir(t - ( ’), 

.vhere, A is the unknown pitch of the screw', 
B the unknown amplitude of a periodic error, 
0 its unknown phase, and t the observed 
number of turns of the screw. 

•By observing a correct scale through a 
microscope moved bv the leading screw, X 
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could be obtained experimentally at a number 
of points. 

The unknowns A, B, C cannot be determined 
directly by the method of § (;>) (iv.), but if 
the observations are not extremely irregular, 
approximate values for them should be 
obtainable by inspection, especially if a 
'graphical method be employed (§ (8)). 

The position is now much the same as in 
the last vsection. There is a f number of 
equations w 

Xj - P,A -f B sin 27r(Pj - (1), *' 

X 8 - P 2 A + B sin 2 tt(P 2 - C), 


jvhich probably cannot all be satisfied bv any 
values of A, B, and C. Unknown errors r 2 , : 
etc., are to be subtracted respectively from 1 
the X’s in such a way as to bring the equations 
to truth and at the same time to make pr“J a J 
minimum. 

Let the expected values of the observed j 
quantities X t , XS, etc., be calculated by insert¬ 
ing the tentative values of the unknowns, say 
A n , B 0 , and in the formula. Let X/, X 2 ', etc., j 
1)0 these calculated values. Suppose a, b, and j 
c to be the small additions to the approximate ; 
values of the unknowns necessary to convert j 
them into the true ones, i.e. 

A A (( t- a, B B„ -r b, 0 —C 0 \ c. 

It is a well-known theorem in the difTerential j 
calculus that if a, b, and c. are sufficiently small 1 
quantities we can write down the change in 
X resulting from their introduction as a linear 
Junction in a, 9 l>, and c. + 1 

The change in X,' resulting from the small 
increment “ a ” to A 0 is a y f, , where a, is the 
sensitiveness of X to A for that particular 
collection of circumstances. This sensitive¬ 
ness is, of course, the partial differential, co¬ 
efficient of X with respect to A. The total 
change in X,' is a^i +b l b*±c 1 c. Therefore the 
discrepancy X 1 *~X 1 ' can be made to disappear 
by any additions a, b, and c to A 0 , B,„ and C 0 
which make i 

a x a f bji l-qr-- X t X/. 

Similarly the discrepancy X 2 - X/ disappears if 
a 2 a f b 2 b j c 2 c, = X 2 - X./. 

In the absence of experimental error all of ; 
these n linear equations in a, b , c could be 
satisfied, but the existence of errors x x . *r. ly etc., 
in X,, X 2 , etc. (X/, etc., have no errors, being ( 
numerical terms calculated on an arbitrary 
basis) gives a precisely similar problem to that 
in which X is linear from the start in A, B, 
and 0. 

Normal equations are therefore formed 
exactly as before and the evaluated quantities 
a, b, and c are added to A 0 , B 0 , and C 0 . i 


In the above example of the leading screw 
the sensitiveness of X to the several un¬ 
knowns, t i.e. its differential coefficient with 
reject to each, is 



£>2 = *^ — sin 27r(f 1 - say, for con- 

(1S venience, 

c 1 = ^, 1 = - i?7r R 0 cos 2ir(t l • C) — C0 L , say. 

An.v other factors and C0 n are derived 
by replacing t, by t n . The observational 
equations arc therefore 


a. 

1 b. 

c. 

r i 


i K"i 1 

Vt\ 

x,--V 


S/'a 1 

VO 2 

X, - x 2 j 

t„ | 

s 0» 

V0„ 

X„-X ll / 1 


and the normal equations arc 

a. \ b. j c. 

It 2 j j ll.fitt] 1 U-V0\ j It(X-X')] 

i .. I [S 2 d| I lS#L<vyj j bStf.(X-X)] 

.. ; .. | i.(.- 2 />i j [iv,(x-x)i 

The square brackets denote as usual summa¬ 
tions, and the terms to the left of the leading 
'diagonal are omitted, it being understood that 
they call be filled in from symmetry by 
inspection. 

(vi.) Success ire. A pproxiinatiou .—If the quan¬ 
tifies a, b, c to l»e added to A„,‘ B w , C„ are not 
very small, the relation between any function 
F(A 0 , B 0 , ('„) and F(A„ t a, B„ i b , C 0 t e) will 
in general be no longer strictly 

F(A 0 \ a, B 0 I />, C/ ffl -f e) 

- F(A 0 , B 0 , (f- (i x a -\ • b x b ± r,r. 

The reason is that a differential coefficient has 
to be defined in terms of infinitesimal changes 
of the variable.**. Yet the procedure will in 
nearly all cases give a result nearer to the true 
one than the tentative one first taken. That 
is to say, it is a step in the right direction. 

In Fiff. is a geometrical analogy. The 
tangent AB to the eurvo is very nearly 
coincident # r ith the curve for a short distance 
A A'. When too* long a vector AB is drawn, 
B deviates appreciably from the curve AC, 
hut within very wide limits for the length of 
AB, the point B is m arcr to C than A is. 
•Although the solution of the first set of 
normal equations as above may not give the 
best values for A, B, and C, thosf* obtained 
may once noro be considered as tentative 
values and the original process may bo 
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repeated, giving further small additions a\ ft', 
c' to A„ + o, B„ l ft, C 0 + c. . 

In this way we may approach as mear as 
wo please to the theoretical “ least squares j' 
values for the unknowns, though nothing is t< 
be gained from a slavish pursuit of the 
exact least square solution (see § (10)). 



There are some eases in which the observa¬ 
tional equations can bo reduced to the linear 
form without the aid of the diiferontial 
calculus, but it must be remembered that 
the normal equations (if they may be so 
called) derived from such reduced equations 
will not in general give the least square 
solution. For instance, the time of oscillation 
of a simple pendulum is 




'1*1 J" 


or log T - fog 2 tt I- i log l - I log g. 

Assuming that errors of observation of T 
influence the resulting value of g much more 
than those of /, the formation of normal 
equations from the above logarithmic equation 
gives a minum (error 2 1 in log T, i.c. in 
|(AT/T)‘“| instead of |(AT) 2 J. 

If T did not assume a number of widely 
different values in the eoiirso # of the experi¬ 
ment, the above solution would be quite 
justified, and would hi* used on account of its 
simplicity. 

(vii.) Partition of Errors among Several K inds 
of Observed Quantity.— Using the. same notation 
as before (see footnote, j*. 655), A, B, 0 . . . 
are unknown constant quantities wHoso values 
are to be determined. X, V, / arc observed 
quantities. 

In § (4) (v.) the condition for the most 
probable result was founcf to bo that the sum 
of (ar/r)*, i.c. of (orror/modulus) 2 , must bo a 
minimum.« The modulus being directly pro¬ 
portional to the p.e. (§(4), proposition (vi.)), 
wo may replace it hf the latter. 

Hence if x, y, z bo the actual errors of 


j X, Y, Z, and x 0 , y 0 , z„ the p.c.’s, the required 
; condition is that |(.r/.r 0 ) 2 -i (»//»/ 0 ) 3 + i' ; l z o)~] 
i is a minimum, the square bracket being 
j undot stood to mean that the summation is 
L extended to all sets of errors jq, t/,, «,,'«•«, y 2 , 

■ z.,. Ho. If ( denotes the actual error of any <4 
j the observed quantities and » u its p.e., the 
i above cmditinn is the same as |(f/c,,) 2 | a 
i minimum. 

1 The relati-jjiship which holds between the 
] unknowns aid thy observed quantities may 
, be writt* u 

°F(A, B, (' . . . X, Y,Z . . .)--0. 

As before, let 'tentative values A,„ B 0 , C 0 . . . 
for the unknowns ho arrived at in some way ; 
e.g. graphically or by taking only as many 
observations as there are unknowns and 
solving uniquely if this is mathematically 
possible. 

In Uiis way a number of results arc cal¬ 
culated as follows : 

1’V F(A () , B 0 ,C 0 . . . X Jt Yp Z, . . .), 

V 2 =F(A„. IS. . . x’ t 7. t . ■ ■), 


These will differ slightly from zero both on 
account of the small quantities a, ft, c which 
must he added to A 0 , B 0 , t.' 0 ... in order 
to give tTie true values and on account of the 
errors .r,, ?/,, x 2 , y 2 , z 2 which must be sub- 

, tiaeted from X,, Y t . . . . X.,, V„ Z., . . . 

in or<lcr to reduce them to ideally observed 
j quantities. 

j Each of these small quantities produces its 
j own change in F, a»id the total change is the 
j sum of them all. 

1 In anv given cm*, say that of F,, we can by 
; suitably selecting a, ft, r . . . and .r,, z, . . . 
■ reduce the expression to its correct value zero 
| Tim* 

; 0 F(A„ H-tf, B 0 I-ft, C„H r . 


X, * .r,. V L - //,, Zi - 


■ ) 


: F(A 0 , B„, 


(’.» . . 
I- a.n 


. x„ v„ y t .. .) 

ft 7) -c rg: - ~ 7ri 


- Fj \ a x a t k\ h t 'V’ - %U\ - 7i~i* 

The quantity a x is the sensitiveness of F t to A 
< F 

OF ?A 

• \ V, ~ /,; i 

similarly for b x and <\. 

< F 

a i 18 -V 

rX/X-X,\ 

Y“ Y. \ 

\ Z - Z, > 

or the sensitiveness of Fj to X. fi x and y, have 
corresponding meanings. 

The term cqaq -\-ftiy x + 7i~i ( Jv 8a >’) * 8 ^ ie 
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total error produced m l'\ bv the errors of 
observation of X„ Y,, and Z,. Its "probable” 
value is r 0 , - (« l -.r 0 3 + ^ 1 ^ t , 2 + 7l V)* (see j 
§ (4), proposition (ix.)), and it. is entirely j 
an “accidental” error. lienee wo may * 
regard F, as an observed quantity whose j 
actual error is /, and whose p.e. is <p v In 
other.words, we shall obtain a least squares 
solution by making [(J, 0 ,) a ] a minimum . 1 i 
The observational equation de ivod from the j 
first set of observations is I 

- 1 - b x b -b c x r r - J’j with p.e. </’i- 
That from the second set is 

<i 2 n I b 2 b-hr 2 r - - F 2 with p.e. </> 2 , j 

and so on. 

*< Before forming normal equations each of 
the observational equations must lie divided 
by its p.e. in order to reduce all the equations 
to the same weight. > 

The normal equations resulting are 

r a a~\ Fa b j p c~| r a Fl 

LwJ Li 0 v>J L’ 00 .J L hJ 

~b b 


This is the approximate value to use in 
preparing the coefficients in the observational 
equations. 

♦ Suppose that during four observations an 
attempt was made to keep the volume at 
exactly 1000 e.c., while the remaining four 
were made, at an attempted constant pressure 
of 10O0 millibars. Let the observations be 


Const, vol. 10(H) 0 

<1). 

(3). 

(3). 

(4). 

T. (abs.) . 

. 294 1 

314-3 

327-0 

340-3 

P. (millibars) 

. 1079 

1149 

1197 

1249 

Const, press. |0()0 millibars. 

(S). 

(«). 

(7). 

(*). 

T. (abs.) 

292 1 

310-7 

331-8 

343 1 

V. (c.c.) . 

. 1072 

1141 

1213 

1254 


Ba Ka [-‘a 

ca [-„■ a- 


The relationship F(R, P, V, T)-0 is in this 
cast* 

F — PV - RT — 0. 

We use as before small letters to denote small 
changes or errors in the quantit ies correspond¬ 
ing to the capital letters. Thus r denotes the 
small addition to R 0 required to give the best 
value K R„ 


The solution gives the best values of a, b t } 
and r (not to be confused with (he coefficients \ 
in the above equations, all of which have ! 
actually suffixes) and enables etc., to bt*M 

calculated. As a matter of interest each of 
these composite errors /, - cq.rj + /q?/j f y i z l 
may be analysed into its vomponerns so as to ; 
make (.iq .jyp t (//, ,y 0 )' £ i (~,/~„) 2 a minimum. 

(viii.) I'Jj'fnn pic. —From'the equation for 
a gas PV' - It NT, where X number of 
gramme-molecules of the gas. it is desired to 
deteimine the constant R. It might be 
thought that N could lx* determined as an 
unknown side by side wLh R, but a moment's 
reflection shows that it is impossible to 
separate two such unknowns occurring only 
as a product in the formula. N must therefore 
be independently determined. 

For an approximate value of‘*R, suppose it 
is known that 1 gm. molecule at normal 
temperature and pressure occupies approxi- j 
mately 22-4 litres ; and that N has been made 
equal to 1 22-4 by taking exactly 1 litre of gas 1 
atN.T.P. ' ' <- 

From the formula PV RT, in which the 
units are for convenience millibars, cubic • 
centimetres, and degrees absolute respectively, 
we then have 

1000 v 1000= U n y 273 

or R 0 — 3003. . 


i r. 

Also 


Fi 

F.v, 

R„T„ 

r i 

■© 

= -T„ 

1 

ttj — 

C3, 

=v„ 

A- 

f!). 

= i*i. 

. 

7i = 


- - K • 


The normal equation (one only* since there 
is only one unknown) is to be prepared in the 
tonn of symbols before any numerical work is 
done. A saving of time often results in this 
way through cancellation. 

As in the general example wo have the follow¬ 
ing true equations: 

Vt h^r-aHb-yVv- Vdi'O, 

t ? 1 r 2 r - a 2 p 2 (i 2 r 2 - y 2 / 2 - 0 , 


That is to. say, we have the following observa¬ 
tional equations attended with the actual and 
probable errors shown : 


Observation 


Unknown Actual 


! F, -I- r t r ~-0 | aj;>, + fl -f y,/, 
f'* + r t r = 0 «j?’2+/?2 ,, 2 I - 


Calculable Prob&blo 
Krrnr •</>. 

<«,w ! ^r-v+viV) 4 i 

O'jVo’ 1 f y.V)* 


1 See §( 10 ). 
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where />,„ and t„ are the assumed p.e.’s | The ]).e. of F, is 0 ,, that of P„ is 

of J’, V. and T respectively. Dividing each ‘ so on. Therefore 


respect 

observational equation bv its p.e. in Arder t 
reduce all to the same p.e. they become 


, and 


r 2 P 2 

~r - ~ £ , 

'h <h 

etc., etc. 

Multiplying each by the eoellicient of r m 
the usual way the normal equation becomes 


).e. of r 


I (r,\ 

I 


n + " n 4 * 
\'fi f h 




v + W f ■ • 7 


•I'J r, 


:] 


K.. s ). 


T„ 


v,. ;i, - i*i 


- Ii„, ok-., 


©‘ 


V, 


T„ a 

: i l*„ 2 i ll/ 


The schedule on the following page shows 
the preparation of the 8 values of (r H / 0 M ) a 
and (r t( /0 ( ,}‘ > -K ll //■„. The lower portion is a 
check, showing that tin* solution has really 
made l(/„/</»„)“I less than |(F„/</>„) 2 1 , in aeeoni- 
anee with the least squares eriUrion. Tim 
difTerenee between the two sums of squares, 
:n<)(,() and :12050, is small because the tenta¬ 
tive value R 0 happened to he ^pry close 
to the, best value obtainable from the 
observations. 

The p.e. of the result is easily found from 
the expression denoting th* said result, 


VI> 

The solution for r is a weighted mean of all 
the values *»f F„ the weight being propor¬ 
tional to the square of the sensitiveness of 
F„ to |{ and inversely proportional to the 
square of the p.e. of F,„ as was found to bo 
correct in 5j (5) (ii.). 

The calculation is best made by forming 
the quantities F„,V )( and r 
servation. 

Suppose />„ I millibar, r n 
Then 

0 2 (V » i IV 


/ 0 M for each oh- 
I c.e., L 


Prom the schedule we find at once that this 
quantity is 

- ,4 

\ 0-05176 

With a p.e. of this amount it is useless to 
ex pres? the result to two places of decimals. 

| It is therefore written 

R^3662-4 M4 # 

| If tlitf assumed p.o.’s ;» 0 , r 0 , t (l , etc., had been 
j about correct 0 ,, 0 ., etc., would also have been 
j correct,, at id / H .' 0 « would have averaged about 
: 1. Since it is in all cases less than 1 the con- 
, elusion is that the p.e.'s of the observations 
have been overestimated. If the 0 ’s have 
j been made k times their correct value, the 
best estimate of I: is 


-Tabs. 


0 07 . 


(f-\ r 

_VP». 

S 1 


(see § (4) (lx.)) 


r,■ ■•■) 


& 


/«■■? 

• \ 7 

= d*455. 

If the coefficients (i lt y v etc., varied rela¬ 
tively a good deal in the different sets of 
observations it won 1 ( 1*110 possible to tell which 
of the three p.e.'s of observation p,„ r 0 , / 0 —• 
had been overestimated. It is sutlicient to notCT 
here that the a j/onleriori p.e. of the result is 
only 0-45 of that- deduced from the estimated 
p.e.’s of observation. 

On this showing the result, should be stated 
It .-3M2-4 I 2 0. 

The above example is, needless to say, only 
a hypothetical one. The length of the com¬ 
putation would not be as great as that set 
out above, for the, schedule is practically all 
that is necessary. Nor is it to be taken for 
granted that the application of the method of 
least squares to 8 observations only is justified 
in this ease. The example merely illustrates 
the # method of dealing with larger numbers of 
observations. 

2 u 


VOL. ni 
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§ (0) The Combination of Conditioned 
Observations. —It sometimes happens that 
groups of observations are fumishedi with a 
natural check before any computation ; s 
made. They have in fact to satisfy certain 
conditions , and any solution of the whole is 
bound to satisfy all those conditions. For 
instance, when all three angles of a triangle 
have boon measured in surveying, the sum of 
the true angles must be equal to 180°. Th.^i 
is, in the notation used previously 

Xj+Xg-I X 3 - 1K0" — + *2 h ^3- 

Again, in geodetic levelling, the sum of tuC 
height changes observed in a complete circuit j 
of levelling, when corrected for changes of , 
gravity, must be equal to zero. 

These examples belong to the simple type j 

X! 4 X,, 4- . . . + X„ + M = 0, 

where M is a constant. 

The relationships, or so-called equations of 
condition, may bo more complicated. They 
call be represented by 

F.IN'e X, ■ ■ •)■■-«, 

F 2 (X„ X a . . 0-0, 

etc. 

The problem then becomes that of finding 
such values of X„ X,, etc., that the sum 
J. 2., ,2. , is smaller than that for any 

other set of values of X„ X,, etc., which fits 
iut,, the pattern, as if were, imposed by the 
above ecpi, lions of condition. It is to lie 
noticed that, the number of conditions must 
he smaller than tile number of observations, 
for if these t wo numbers were equal X,, X., etc., 
might he determinate from the condition* 
alone. 

One method of solution is obvious. It there 
are q equations of conditions and » unknowns, 
the q equations call he made use of to i liminate 
q „f the unknowns, i.e. to express them in 
terms of the remaining « q unknowns. 

The latter are then quite independent and 
are free to take on any values consistent with 
the observations. 

In the ease of the triangle in wlneh all three 
angles had been measured the observation 
equations would he written 

A = X„ 

•BvX„ • 

ISO - A B 


The equations of condition 

F (X,,X„ . . .)-=.<>, etc., 

are reduce, to the linear form by making use 
of jr„ .r.,, ole.,instead of X„ X 2 , etc., cxJtctly as 
in l: (5) (v.). Thu 

ft - a i ' i '■r r t f , * • - r/e, — 0, 

k ,'V, H¥e L • • - ///.,-0, 

etc. 

Instead of being the errors of X,, etc., 
j- may be considered to have the reverse 

sign, i.e. to he the small corrections necessary 
to bring the dhserved epumtities to their most 
probable values. Just, as in the method de¬ 
scribed more fully in . (•') (v.) the small 
increments a, b, f, etc*, were regarded as the 
unknown ir„ m.ete., maV he so regarded here. 
In order to obtain the most probable values 

of.r,,*', . . . it is necessary to equate to zero 

the differential cnellicicnt with respect to each 
x, not of | a-j, hut of | ,r‘-1 d k’/nj, I . . 

/,,, b.„ etc., are the undetermined multiplier* or 
eori'clatd es. 

This process gives 

. 8% l-2I- 1 o 1 +2iV ( I+ • • ■ () > 

2x t I 2I- l n.,+L><A4 . . . -0, 


Next, substitute in the reduced conditional 
j equations the values of j ,r,, etc., obtained 
•from the la fit equations. 

«,( /•,«,-■ -H . ■ • > 

. I ... - l», <>, 

f),( - Mi-M- •> *A(- ■ ■ •) 

+ . . w 2 "• 


i.c. <•,(«,*+«**# • ■ *> + M«ifc+Me + • • ■' 

t- • • ■ - 

*•.(«,«, I o./i,+ . • ■HMV <-/%* + ■ • ■) 

+ . • • - - 

or in the usual notation for normal equations 

k, _ h __ fs_i 

IH _ ln/i] l«7l • • • ' m l 

, t^vi - - - -™2 

hdl. ■ ■ - ’"i 


This straightforward method is, however, 
very tedious in eases wRore the number of 
unknowns entering into each conditional equa¬ 
tion and tl r number of condition* themselves 
are large. The following method of undeter¬ 
mined mvltipliern or •mrrelMires is more con- 
venient. 


All the coefficients of these q equations are 
known, and the solution of the equations gives 


*• \ treatise on the differential riilenliw should 1»« 
nsulted for further information on the theor* 
ufctermine-d multipliers. 
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the values of the q correlativ s k\, h., f etc. ; 

x.,, etc., are then found directly from the 
equations 

„ 2jq 4- 2 V, f 2l„S l I- ... “0, 

2j*2 I 2kpu -f 2k r i 2 4- . . . = 0, 
etc. 

Problems requiring this form of solution are 
not common in the laboratory. They occur 
pre-eminently in geodesy, in the adjustments 
of networks both of triangulation and Welling. 
For an example of the practical application 


This method is convenient when the co¬ 
efficients arc digits. 

(iii.) Vauss's Method .—This is really method 
(J) but is reduced to a schedule and provided 
With cheeks as the work is in progress. The 
left-hand unknown is at each stage eliminated 
between the top equation and each of the 
others in turn. Reverting to more eon voli¬ 
tional algebraical notation, in which x, y, z 
denote unknowns, the solution, including the 
formation of normal equations from observa¬ 
tional equations, is as follows (for 3 un¬ 
knowns) : 


Observational equations : 

<q.r i bpj t-epr^nq. 
rjj.r’ -f bpj 4 c.>z — w a . 


Operations for cheeks: 
<q 4-fq-l i wq 
I /q ! t* 2 4 


1st normal equation : ' 

[««] WJ l«cj 

2iid normal equation: 

[<d‘\ f hh\ |MJ [/»/iJ. 


Kliininution of x between tliese two give 


w-Sh 


M 

[hm\ 


L"«J 


This is denoted l»y awnhols as follows 
[WIJ f/'Cl J \bm\\. < 


Similarly by elimination between 1st and 
3r< 1 normal equations: « 

[be 11 [rrl] [rm 1 ], 

where [rr. IJ - \rs I ' C 

J 


Cheek : 

f««l 1 l«f»l i [arj i [rnwj ■-[«*]• 


[«&] ? M ! |M] \[l>m |--[/w]. 


( heck : 

\bh\] ! [bci] I \bm 1 ]- 
Chei.k : 

[//cl]4-[Ml | I [cm 1 ] — |c.y 1 ]. 


the reader may consult any modem rec.trd of 
precise surveying or levelling. 1 

$ (7) Thk Solution ojJ Xoimi vl Equations. 
—'I he solution of any set of normal equations 
can always be performed by successive elimina¬ 
tion of unknowns between pairs of equations, 
but a judicious selection of a particular method 
by the computer will often save much time. 

Below' is a summary of some methods which 
are available. 

fi.) hired elimination between equations in 1 
pairs, the most convenient pairs being chosen 
by inspection. Where many of *the eo- ; 
efficients are zero this is often the host method. . 

(ii.) Solution by Determinant. —The value of 
any unknown can be expressed as a <Jet.cr- ! 
minant, which is to be evaluated in a schedule. ; 

1 The 28th " Special Publication ” of the United i 
States Coast, and Gcodefje Survey (Washington, | 
Government Printing Office, P»Jf>). contain* a i 
discussion by Mr. Oscar Adams on the application j 
to triangulation. I 


Die resulting equations still possess the 
symmetry of the normal equations, and it can 
i be shown that the leading coefficients [Ml] 
and [cel] are necessarily positive, like the 
leading coefficients in the mu mal equations. 

The elimination is repeated until the value 
of the right-hand unknown is found. The 
remainder are then found by substitution in 
the proper equation. The latter is always that 
f.ne in which the coefficient of the particular 
unknown is the first term in the leading 
diagonal. < Thus the proper equation from 
which to find // by substituting for z is 

\bb\)y 4-[Ml \z — [/>wil] 
and for x 0 

[<m]x 4 \nb )// 4 [ar]z — [am]. 

Unless the calculations are being carried to 
a large number of significant figures, the neglect 
of this precaution may lead to serious in- 
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accuracy in the result- and to a puzzling failure I 
in the final cheeking hack of the 1 rut^i of the ! 
normal equations. ! 

Most- of the text-hooks mentioned in the 1.4 1 
of references at the end of this article contain jj 
examples of (Jauss’s method of solution. 

(iv.) >S((ir<'.snivc Approximation .—Where the ! 
number of unknowns, and therefore, the num- J 
her of equations, is large, the foregoing methods 
may become- very laborious. If the rou£h 
orders of magnitude of the unknowns can he 
found in any way it will often he seen on 
inspection that certain terms in each equal ion 
only contribute an insignificant amount to the 


furnishes approximate values for another set 
of unknowns. By such successive approxima¬ 
tions it- is possible to approach with any 
desired precision the determinant vajues of 
trie unknowns, and the stage at which to stop 
is determined either by the accuracy required 
in the results or by the fact that the residuals 
obtained on substitution in the original equa¬ 
tions are wv!l within the p.e.’s of the normal 
equations « .» nputed from the assumed ji.e.'s 
of observation. Either of these limits may he 
first n ached. 

§ (o) Cl haim i nr a i. Mktiiods.- The graphical 
representati< » of observations gives a clear and 



value of the right-hand side ; or at least that 
equations possessing this property can be 
developed by suitably combining the normal 
equations. The solution is first to he carried 
out neglecting the said terms altogether and 
furnishing approximate values for some or all 
of the unknowns. If approximate values for 
all the unknowns have been found the same 
solution is to 1 m* repeated, this time modifying 
the right- hand sides Jiy correcting for the 
terms neglected in the previous sortition, with 
the. help of the approximate values. If 
approximate values for only some of the un¬ 
knowns are furnished, a new series of combina¬ 
tions of the original equations must he foun^l 
which reduces to comparative insignificance 
terms in unknowns other than those neglected in 
the first- instance. The approximate values can 1 
then probably he substituted in the insignifi- 
cant terms and the resulting simplified solution [ 


immediate insight iut^i their general behaviour, 
especially if the laws whi-h th*v are assumed 
to follow are not too complex. In many cases 
the linal adjustment by purely graphical means 
is as reliable as any formal method such as 
that of “ least squares.” 

As an example, the problem of § (5) (vii.) 
may be solved graphically. The several values 
of PV/1000 are plotted in Fiij. <5 against T, 
using a different sign for points belonging to 
the different conditions of experiment, i.r. con¬ 
stant pressure and constant volume. Through 
these points the best straight line is ruled by 
tye. Its slope, i.e. the tangent of the angle, is 
read off as(13«2-f» - 1001 *5)'100- 3010. If only 
an approximate value for R were required the. 
above would suffice. An.improvement on it 
I imjv be effected as follows : With the value 
3-610 found, PV/1000 is calculated for each 
observed temperature and is subtracted from 
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the observed value of PV/IOOO. The residuals ! given in Fig, 3, where (error) 2 is plotted against 
whieli result are then plotted on an enlarged log (mupber of errors). 1 

scale of ordinates, so as to exhibit at once Since logarithmic plotting shows fractional 
(1) an\£ alteration necessary in the slope of ef-ors :r/X instead of absolute errors .r, if the 
the line and (2) any other .systematic tendency ,latter are nearly constant in probable value 
of the. point.?, throughout the observation of a number of 

It is this latter opportunity which gives the different values of X, the apparent errors may 
graphical method its power. It may show not be very different in one portion of a diagram 
only whether the observations are good but, from those in another portion. This fact 
also whether the law which they are supposed must be remembered in drawing numerical 
to obey is really obeyed. conclusions from the graph. 

In Fig. 6 the diagram of residuals for constant It is a good plan on every possible occasion 
volume is seen to possess a concave curvature, to commence a computation with a rough 
while that for constant, pressure hows a tend- graphical investigation of observations, oven 
ency to fall off at higher temperatures. though formal methods of solution are cventu- 

These facts may indicate complications in ally to be employed. The insight obtained 
the laws which the obsci cations follow. Before into the general character of the results always 
drawing this eoncluiion it is necessary to repays the trouble. 

compute from the assumed p.e.’s of observa- | § (9) The Dktekmin \tiot^ or Probarlk 

tion the probable value of the discrepancy in j Krrurs.—T he simple rules given in § (1) (ix.) 
RV/1000 - RT 1000. | serve to determine the p.e. in all practical 

The p.e.'s assumed were /> ft 1 millibar, — ! eases. Therefore if a result can bo thrown 
1 e.c., t n — 1° abs. The probable discrepancy is j into the form of an expression involving only 


therefore ,l'*" . I 2 H V 2 . I 2 f R 2 . 1“)-. Put- , 
ting P —1000, V ? 1200 as an approximation ! 
to the mean condition of experiment, this 
becomes JUMHM + 120t»® 3-» 

about. 

The irregularities observed in the graph of ; 
the residuals are mostly, if not al\ within 
this range. The conclusion is that no 
complication in the law PV RT can be 
assumed from the observations. 


Drawing the best, straight line through all 
the points the following correction to R/1000 ! 
is obtained : I 


or looo “3-(!10+0-0;)0 -3-6fiO, 

R — .‘ffXiO fef. value 3002-4 *-44 on p. 007). 


Near the best straight line art? drawn two ; 
others making angles with if which a]>pear j 
to mark the limits of the p.e. of slope. On 1 
this showing the p.e. of R would be about 
1000x2/100 = 20, a figure very much in 
excess of both the a priori calculated p.e. 
(4 4) on p. 0o7 and the a posteriori p.e. (2 0) 
on the same page. The explanation of the 
discrepancy is that the assumption of the law 
PV RT constrains the best straight line to 
pass through tin? distant zero of ternfferattire. 

If we regard the diagram of residuals in this 
light, the p.e. of the slope of the line becomes 
about 1000 x 1/920 -3 J. which lies just mid¬ 
way between the two former values of the 
p.e. of R. 

Where the relationship between the observed 
quantities and the unknowns involves various 
powers of both, logarithmic plotting is ve/y 
useful. An example of this has already been ! 


observed quantities and calculable coefficients, 
and p.e.’s can be assigned to all the observed 
quantities, the p.e. of the result can at once 
be determined. 


But the expressions for the p.e. which result 
are often intolerably complicated. In such 
eases a much better plan is to use symbols for 



Fiu. 7. 


1<MX> yards long,and measured with a p.e. of 
1 in f>0,000 a triangle ABC is surveyed. The 
angles at A and B arc about 80° and 40° • 

respectively, ami all/hree angles are measured 
vith an assumed p.e. of 10". Required: the 
p.e. of the point 0(1) in a direction at right 

1 For a good account of the graphical treatment of 
numbers of observational errors, see ballemand. Lever 
den plans et. nvrllemrnt . 1012, pp. 5X2-000 (C'li 
Jfcranger, Paris, 15 Hue ties S&intH-Peres), 
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..ngles to the base, and (2) in a direition 
parallel with the base, A being taken as origin 
of co-ordinates. The solution of thoHriang'e 
would be according to the formula 


, T sin B • 

I) -L . , | 

sin C 

and the two lengths whose p.o.'s are required ■ 
are 


X — 6 sin A - L 


sin A sin B 
sin C 


and 


Y b cos A — L 


•os A sin B 
sin 0 


Since L inlluenees the scale as a whole, the i 
errors due to it can be considered afterwards, 
taking it for the present as errorless, \ntro- ! 
dueing small actual errors a, ft, y into the angles, I 
sin A becomes 

sin (A t- a) sin A-t a cos A - sin A (1 ( a cot A). 


Replacing actual errors by probable errors, 
the p.e. of A is 


• v 2 2 l-1 2 4 l 2 (where e p.e. of an observed 
angie-10") 


r ' «. 

;i 


The p.e. of any« re < *f the adj listed angles is there¬ 
fore not J(* v but 10" Vo/3 -10 \'(»/3-r206265 
radiai.s, and the p.e. of X is 


1000 


sin 80° sin 40 
sin 60° 


10 Vt) 

3 - 2<H»2<>5 


\ cot 2 SO" |-rot 2 40 -f cot 2 60" yards 
0-030 y; .d. 

Proceeding in the same way it is found tha* 
the p.e. of Y is • 


1000 * 


< 80" sin 40° 
yin 00° 


10 V6 
:i.. 200205 


Similarly for the other sines of angles: 
cos A becomes cos A (1 — a tan A). 

The value found for X is 

j sin A sin P. (I l-aeot. A)(l 1 -ft cot B) 
sin C ( 1+7 cot Cj 

, sin A sin B . . . ,, , „ . 

L . ( , 1 1 l- a cot A t- ft cot B - y cot ( ) 

Mind 

nearly, 

so that the actual error of X is 

X(u cot A + ft cot B - y cot (■). 

We unf it now introduce piwbable errors for* 
the angles, i.e. prohahle values fora, ft, and 7 . 
'The p.e.’s of the observed angles are all 10", 
but an adjustment of the sum of the three 
observed angles to 180" would naturally 
precede the solution of the triangle. H is 
necessary to find the p.e. of an adjusted angle. 
The proper observational equations are (see 
p. 05!)) 

A •- A 0 -+ a 0 , 

B P > 0 + fto> 

180" A B C 0 + 7,„ m 

where A,„ B 0 , (■„ are true values, and a n , ft u , y 0 
are actual but unknown errors of observation. 
The recorded value for A is A 0 + a () , and so on. 

'I’hese equations having all the same p.e. 
they may ho combined to form normal equa¬ 
tions as follows: • c 

2A + B — A 0 + a 0 - C-„ - 7 « + 180°, 

A t 2B - B 0 4 - C 0 - 7 0 f 180° ; 

eliminating B, @ # 

3A 2 A fl + 2 n fl - B 0 - ft 0 - C 0 , 7 o +180°. 

The actual error introduced into A is therefore 
i(3 n o _ / J o “ 7o)- 


\ tan 2 80° - 1 -cot 2 40° -I-cot 2 00" yards 
- 0 038 yard? 

! i.e . sensibly the same r.s the ]).e. of X. 

1 Next suppose that the base L has an 
i actual* error l. Then if X and A' have actual 
errors x and y from the triangulation, XH -x 
; hecomes (X \ x)( 1 + //L)-X \-x i X//B, when 
the infinitesimal quantity xlj L is neglected. 

The prohahle value of x is 0 031) yard and 
! that of fj[j is 2 x UP 5 . Thoref<*rc the resultant 
p.e. of X is 

\ (0 0.'l!))* +(731 l) 2 .< 4 xlO 715 

(since X — 731 I yards) 
—0 042 yard. 

The base-line Trior is not very important 
' compared with those arising from the measure¬ 
ments of angles. Its influence on Y is still 
smaller. 

Similar reasoning could be applied to a 
succession of triangles. Tn this ease, as in 
many others, the expressions* would he cum- 
j brous, and a simplification could be brought 
I about by using none but actual numerical 
j coefficients to multiply unknown actual errors, 
j That is to say, the calculat ion leading to the 
j solution of the original problem is repeated, 

' using symbols for the unknown errors of all 
j observed quantities. 

j These methods of calculating p.e. are all 
| a priiJH, that is, they can he carried out 
| before the observations are taken, and so 
I long as (1) the assumed p.e.’s of observation 
arc about correct, and (2) no serious systematic 
error enters into the results, they arc quite to 
be relied upon. 

On the other hand, the calculation of p.e.’s 
; from residuals, i.e. tho a posteriori method, 
! is to be used with caution. As will be noticed 
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in the next section, the formulae used for their 
calculation are unreliable for small numbers 
of observations. It is a common experience 
to obtain a result with a certain p.e. e, cal¬ 
culated from the residuals, but .on repealing 
the work subsequently, to obtain a second 
result differing by more than .r from 

the first. 

The formulae commonly used in determining 
p.c.'s from residuals are summarised in 

§ (10) The Limitytions ok the Pr.noifle 
of Least Squares. —Gauss s law of tho dis¬ 
tribution of large numbers of accidental errors, 
on which the method of least squares is based, 
appears essentially reasonable, whether ex¬ 
amined by means of practical tests or by a 
Consideration of the assumptions on which its 
various theoretical deductions rest. 

It cannot be applied as a distribution law 
to ^mall numbers of errors, for it ht.s no 
meaning in this ease. Vet if the probability 
of any given error is proportional to e ■ J 'V‘\ the 
probability of certain set of errors, few in 
number, is e ~ U']. c\ so that the least squares 
condition appears to bi! theoretically justilied 
as a criterion, however small the number of 
observations. Whether, in view of tin* labour 
involved, it is always prurticalh / justified is 
another question. 1 

The reason of the doubtful benefit conferred 
by the application of the least squares condit ion 
to small numbers of observations is made 
clearer by the following facts. 

Whenever a quantity whose true value is M 
has been experimentally determined, either 
directly or indirectly, givipg a resul*- M r m, 
say, the set of n errors of observation lias a 
certain probability P. It c^n be shown that 
a small finite change in in produces a smaller 
fractional change AD P for small numbers of 
observations than it does for large numbers. 
In other words, the curve of probability of 
different values of in is a flat-topped one for 
small numberspif observations, and although 
that value of m corresponding to the maximum 
ordinate for P is given by the “ least squares ” 
method, any method which gives a result 
somewhere near this would possess* very* nearly 
the same probability. In 1000 trials the least 
squares method might give, say, 520 results 
nearer to the true value than other more 
arbitrary methods, while in the remaining 480 
the reverse would be the ease. t 

There is a slight inconsistency in one applica¬ 
tion of the method of least squares. In $ {.*>) 

(vii.), where the partition of errors among several 

1 In a suggestive article (VhU. Mini., IVb. 1(1*20) 
Dr. Norman Campbell ha-* advocat'd the use. in a 
number of cases, of simplified methods depending 
on the replacement of the least squares condition 
by the “ zero sum " condition, which, as be rightly 
points out, is a more fundamental property of 
accidental errors than their distribution. 


< kinds of observed quantity was dealt with, 
occurred the composite errors 

1 h ^“>■>'. i /V/i 

i »**•> 

U 

etc., 

| where .r,, ?/,, etc., were errors of observation 
, on the different kinds of quant ity, and cq, fi L , 
e^c., were calculable coefficients. Since/|,/ 2 .cte., 
are sums of aecidemal quantities they are 
themselves accidental quantities and should 
fall into the same distribution law as any col¬ 
led lion of accidental errors. Or more strictly, 
etc., should be so distributed, where 
</q is the probable value of /,, i.c. the p.e. of 
P,, and is equal to (a, 2 g„“ t1- * 

.r 0 . Ho' z o being the p.c.’s of the observed 
quantities. A solution which ensures a mini¬ 
mum value to [/„'/</>,/"] is therefore a true least 
squares solution. But it will be found, if f„ 
and (p a be expressed in terms of the indi¬ 
vidual errors .<*, //, etc., and the p.c.'s .r„, //,,, 
etc., that the condition 1 niinimum is 

not in general consistent with I he condition 

-f- [// l( “/,V(i'J t [■'„"/| minimum, which 
latter might equally he made the basis of a 
least squares solution (see $ (I) (v.)). Ill 
fact, while the latter condition represents a 
more faithful adherence to the principle of 
least squares, the two are. only compatible if 
n i r o — Vi^ each kind of observation 

contributes equal partial probable errors to 
( the result of each set of measurements. 

The general method for the adjustment of 
mixed classes of observation outlined in 
§ (5) (vii.) gives too much attention to those 
kinds of observation which produce the largest 
errors in the result, i.c. the X's if «,r 0 , a 2 r w , 
etc., are always larger than /■*,//„. etc., 

respect ivi*ly. Therefore, if one kind of observa¬ 
tion produces a p.e. in the result say d times as 
large as that produced by any other kind, it 
will ho. satisfactory to adjust tin* observations 
as if that kind were the only one possessing 
errors. Another sphere in which the applica¬ 
tion of the method of least squares is liable to 
misconception is the estimation -f probable 
errors from residuals. The formulae in § (1) 
(j.\.), although giving a value for the p.e. in 
a given ease, are not to he relied upon where 
only small numbers of residuals are dealt with. 

It may seem pedanticto discuss ‘'the pro liable 
error of thfl probable furor,” but there is for 
every class of measurement a fairly definite 
“ expectation value ” of the p.e., which could 
be obtained with confidence if only the observa¬ 
tions were sufficiently multiplied. It is the 
departure from this definite value, of values 
calculated frfwi finite numbers of t residuals 
which makes it necessary to consider the 
probable error of the probable error. 

If a quantity has been mca.. ared three times. 
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and the arithmetic mean of lh(* three is M, | 
while the actual measurements wer^ M !- m I 
M + Mo, M+m a , the most probable value of 
the p.c. in this kind of measurement t is 
(M'»7 \■'(/«]“+ "V 1 ,w a 2 )a/-» ,mt id °idy a very#! 
little more probable than a number of other j 
values departing widely from itself. If this fu«t ■ 
be borne in mind much disappoint men t at the 
failure of cheeks is avoided, and it is not long 
before a practical worker learns to gauge t/le 
order of a discrepancy which really calls for 
an investigation into the validity of a given 
result. 
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Bank water.. See “ Oceanography, Physi¬ 
cal," § ( »•'*)• 

Bjerknes' caleiilation of velocity. See 

Had. § (57). 

Compensation currents. See ibid. § (4-1). 

Due to melting ice. See ibid. § (12). 

Due to pressure gradient. See ibid. $ (55). 

Effect of coastal configuration. Sec ibid. 

§ (•*!). 

Effect, of friction of the ymd oil. See 
ibid. § (58). 

Effect of rotation of the earth on. See 
ibid. § (57). 

Ekman's theory of wind-drift in the ocean. 
Sec ibid. § (50). 

Friction on the sea bottom. See ibid. § (59). 

Knudsen’s theorem. See ibid. § \t>S). 

Molm's theory. See ibid. §*(50). 

Delation between wind and current. See 
ibid. § (40). 

The reversal depth of T'kman's. See ibid. % 

§0~>l).., 

Vertical circulation. -See ibid. § (41). 

Vertical equilibrium. See ibid. § (47). 

Wind-drift in an tmclosed sea. See ibid. 
§ ( r >5). 


OCEANOCRARHV, PHYSICAL 

Jntkodi’CTION. —Strictly speaking Physical 

Oceanography comprises the whole* of our 
know If'iiirr of tl ic sea, with the exception of the 
pail dealing with the animals and plants living 
in it; aim soineof these even cannot beexcludc-d^ 
since they form the coral reefs and great^hreas 
of bottom deposits. 

It, is cost on ary, in this country at least, to 
apply the name llydrotjni/diy to that part, of 
the science which concerns itself with the 
making of charts for the benefit of tin 1 seaman, 
and to group those 'parts which till lately 
appeared to be chiefly of biological or academic 
interest under tin* heading of Physical Oceano¬ 
graphy. In view of flic discoveries made ii 
recent v.ars, and in jfarticnlar during the 
war of 1914-18, there is no doubt but that 
in the future the hydrographer will have to 
consider every branch of tin 1 science, an<f flic 
distinction will cease to exist except as a 
matter of convenience. 

*1. Pkoperttes op Sea-watkk 

§ (1).Composition. Sea-water is a solution 
of “sea-salt’’ in pine water, and, speaking 
broadly, one specimen of it does not differ 
from another except in the strength of the 
solution, which varies from about 40 parts per 
thousand downwards. From the standpoint 
of the. physical chemist it is therefore a “ dilute 
• solution.” On the basis of 77 analyses made 
by Dittmar 1 on samples collected in many 
parks of the world, the composition of sen-salt 
is as folio as, after certain rearraifgemcuts : 


('omposit»».v or Nka-\y\tkk 



III ]lll*l Ulllll. Of 

S.M watfi of 

jmt Tli" us, ilnl 

I’-rC.-ht in 

Sl.-it-f«l It. 

N;i 

10-722* 

80 (14 

Mg 

1-3 ill 

*1-7 6 

Cn 

0-120 

1 20 

K 

0-582 

boo 

ri 

10-821 

55-21 

so 4 

• 2 000 

7 70 

CO,. 

0-074 

0-21 

Hr 

0 000 

o-lO 


85-00 

mono 


Since sea-water is a dilute solution, it is 
very largely ionised, and tables giving the 
amounts of various salts such as magnesium 
chloride or calcium sulphate are meaningless, 
however useful they may be if it is required 
to make up an artificial sea-water by weigh- 
ing^out tin* solid constituents. I be accurate 

' Challenger Report*: Physics and Chemistry , i. 
180 ct seq. 
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determination of tho various components is ox- | 
tremely difficult except in the case of chlorine. 
Jlmli'rii oceanography is largely based <>11 
Knudseva Tables (see later), which arc founded 
on the assumption of the constancy of thfi 
ratio of the chlorine to salinity (total salts) 
.and density at 0 the density of distilled 
watet at 4 J C. hein*? the unit. The accuracy 
of this assumption Inis been attacked from 
time to time, and in eon sequence* the ratio of 
chlorine to the other quantities and to SO, has 
been redetermined in a number of laboratories. 
The results have been collected by Hu^pin. 1 
an<l justify the assumption. IP is probable 
that the question may l>o renamed with regard 
to Mediterranean water. 

§ (2) Relation ok Cn'r.oRiNE, Salinity, and 
Density. -Assuming* the constancy of the 
ratios, we may determine chlorine, salinity, 
or density, and from any one calculate the 
othAr two. The determinations of the' total 
salts by direct evaporation is extremely 
difficult-, owing to part of the chlorine being 
driven off as hydrochloric acid before the last 
traces <>f water are expelled, and impossible 
as a routine operation. It. has been the rule, 
therefore, to determine either density or 
chlorine, and unfortunately tho procedure has 
often been open to question. Density was 
usually determined by tin* hydrometer, which 
we now know to fall far short of its theoretical 
accuracy, and chlorine by titration against 
a standard solution of some chloride. Each 
observer prepared his own standard solution,* 
and owing to slight differences of technique 
it is impossible to compare the results of 
various wofkers with Che accuracy now 
required, (treat confusion resulted until the 
end (>f the last century, wlubi the International 
Council for the Exploration of the Sea was 
formed, with headquarters at Copenhagen.* 
The Council caused the ratio of chlorine to 
salinity and density, and the change of the 
latter with temperature,*-o he determined with 
the greatest possible accuracy: the results 
are given in Knudsen’s Ilyrfrogra/ihir/tl 
Tables, l'.lOl. It also prepared a “ Normal 
Water,” a natural sea-water of about average 
salinity, tho chlorine of which was accurately 
determined. Secondary standards titrated 
against this are issued from the laboratory 
and used as a standard bv individual workers, 
so that now all modern investigations are com¬ 
parable among themselves, at least soVar as the 
accuracy of the titration allows. The resulting 
advance in oceanography has been very great. 

1 pub. tfi- (’irroiistamr, doits. Perm, tntrrnnt. pour 
VExplor. lie la Mer , No. 55. Oopcnhagcn, 1010. 

* Laboratoirc Hydrographic tic, l»cn Polytekniske 
Larrcanistalt, Copenhagen. Tin* director of the 
laboratory at present (1022) is Professor Martin 
Knudsen. Tho laboratory supplies the Tallies, normal 
water, oceanographical apparatus, and also the 
Publieutioux <le. (‘irronxtimre, to which frequent refer¬ 
ence is made In tins article. 


Tho ‘'chlorine” of the “ Normal Water ” is 
not the true chlorine, but the total halogens, 
l-ho broil due being considered as replaced by 
a ffiemicalh/ equlndenl weight, of chlorine; in 
I tho same way the salinity is t he total w eight 
of salts dissolved in 1000 grams of the water, 
the bromine being replaced by chlorine, 
carbonates by oxides, and all organic matter 
burned off. 

‘ According to the T<'bit’s, salinity, generally 
denoted by S 0 y ( ( is equal to 0-030 f 1-S050 (1. 
This means that if no chlorides were present 
tljp water would still, have a salinity of 
0-o:} 'Phis apparently anomalous result 
is due to the fact that water such as this 
would be found at the mouth of rivers, 
which generally contain far more lime salts in 
proportion to halogens than the sea does. 
The third quantity given in the Tables is <r n , 
a contract ion for the density at tr/4°; 
<r 0 ( S P- - r - (b/t -1)1000, Its relation to 
“ chlorine ” is given by the equation 

<i 0 0-000 t 1-170S Cl 0-001570 (T- 

I 00000308 CP. 

The Tables also give values of which is 

the density at 17-5° abbreviated as before and 
referred to that of distilled water at the sumo 
temperature. 

P 17 .- -«> 1245 h(r 0 - 0-0505<r„ 

4 0-000155 ( r 0 “) 1-00120. 

This is of use in much experimental work. 
The values are given in the tables for every 
0-01 part of chlorine per thousand. The 
following short abstract will jgivc some idea 
of them : 

( hi.oiusi-:. Salinity, me. 


1 Cl. 

s ;,. 

<j . 

- 

PK-,- 

2-50 

4-54 

3-00 


5-00 

0-00 

7-25 

0 00 

7 50 

13-57 

10-80 

10-10 

10-00 

. 18-08 

1 1 52 

13 83 

12-50 

22-50 

18-15 

IT 27 

If*-00 

27 11 

21-77 

20 70 

17-50 

31 02 

25-40 

21 15 

20.00 

30-13 

20-01 

27-00 

22 50 

4o 01 

32-08 

31 07 

10 20 

34 85 

28-00 

20-02 


V 


j The. last on *tlus list is a sea - water of 
I about average salinity to which a great 
! deal of experimental and tabular work is 

I f i * 

| f referred. 

Salinities less than 30 do not generally 
occur except in seas such as the f Baltie, or in 
j estuaries or Polar currents. A large part of 
j the ocean lias a salinity of about. 115, rising 
I in places to 117. Salinities of 30 or more are 
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con lined to the eastern part of the Meditcr- I 
ranean, the Red Sea, and Persian hull. 

§ (3) Tjik tin a no n Ob' Density wltil Tem- 
imcijatiiue can he calculated with gre.at 

4 


The temperature of greatest density,/,rm.«x , 
obtained by interpolation. 

Flie maximum density was calculated from 


<r^ and t 

FRKEXINU-POfNTS, ETC. 


01. 

s'/„. 

<T . 

• 

T. 

°T* 

( dajdnl — t. 

v, tlax . 


J 

1 -835 

1 -too 

0-099i 

1 -39-. 

, 0002 

3-589 

1 -550 

r } 

!1 Il.-ffi 

7-251 

-0-483 

7-233 

'' '>J- 

2-000 

7421 

10 

18-080 

1t-522 

- 0-900 

14-513 

0018 

0-100 

14 530 

It 

2r»-3oo 

20-324 

- 1-300 


0 001 

1 -104 

20 340 


27 10.') 

21-774 

- L -40* 

21-800 

--0 000 

- 1 851 

21 801 

It) 

28-910 

23 225 

1 -507 

23-200 

l ,1 1110 

- 2 242 

23 204 

17 

:>o 7ir> 

24-070 

- 1 -008 

21-722 

0014 

- 2 027 


18 

32+>20 

20 129 

1-709 

20-180 

-0-019 

- 3-008 

20-198 

19 

31 -32.*) 

27..->K2 

1 -872 

27-053 

0 023 

- 3-385 

27-070 


30-130 


1*>7I 

29-121 

-0-027 

*- 3 -758 

29-140 

13-GO.) 

21 095 

19-838 

1 332 

19 852 

0 000 

1 332 

J 9-852 


aeeuraey by the following formula, if <r„ is 
given : 

<r t - < T o ’ 1 h 

where at 1000(sp. gr. /'/1° - 1), 

1) - - 2,-0*i:w4 

+ K + 0 l*I21|rAf --IM^o —0-1324)1- 

Hero ~ t -~ 1000(8, I). where K< is the density 

of distilled water at t' referred to distilled 
water at 1". 

(/ - :m)s) 3 / 1 28:>° 

■ rm- »7o ' / r 07-2<i 6 ’ 


The last water on the list is remar kable in 
having its greatest density at the freezing- 
point. A fresher water bo<;oijics lighter as it 
is eooled past the freezing-point, and a sailer 
water iToeornes heavier.* 

§(.■}) The Comi’kkssibilitv of Sea-water 
lias been determined by \. Walfrid hkmnn 
I for the. International Council.” His formula 
j for the muni compressibility from atm<>- 
| spheric pressure, which he calls <> bars, to 
/) bars is 


^ 10>= 


4-8.80 

iT mm t > 


0-f>r»R- i 0-004/ 3 ] 


At ^/( 1-7807 - 0*01181851 + 0-001084M 2 ) x 10“*, 
\i t -;/(|S (>:jO 0-8l04f + 0-OI007/ 2 ) X 10 °. 

The Table# contain values of 1 ( , A„ and R, for 
every tenth of a degree. In general, however, 
it is Kiillieient to know a t to two decimal places, 
*‘.e. the density to the lift h decimal place. 'J’ho 
Table* give the values of I) for every whole 
number of o„ and every degree of temperature 
from - 2° C. up to 3T' (’. 

The values of I) for a few waters and tem¬ 
peratures are given in the table*on the follow¬ 
ing page. 

§ (-1) Tim Freezing - point, 1 Density at 
Free/3no-point, etc., given below were deter¬ 
mined in the course of drawing up the Tables. 

The freezing-point r is given by the equation 
r- - 0*008(1 - (M)(>4 (;:W<t oV O-OOOIOonrr,, 2 . The 
density at the freeziug-point^is 1 |-(<r T /1000), 
where 

<r, = :S 7 + K I <> lAli4)[ 1 - A r + U ,(.r„ - 0-1324)1- 

• 

vr t ote., have the same meaning as before. • 
The change of density at, the freezing-point 
( da T ldl)i.-T 4s obtained' by differentiating the 

formula for 7 . # 

1 Martin R Hudson, Pub. dr Cire. No. 5, 1903. 


'• [ 105-5+ U-50J-0-15S/-4 - 


100I) 1 
a 0 - 28, 
I(V 


l :>i>’i 
1, Odd, 000 


’[147-;? 2 72/ I 0 0 U" 


lnod 


(112-4 -0*871 + 0-02f 2 )] # 


* 0 

1 bar 10* dynes/cm. == 0*087 atm. 

'he trite compressibility can he calculated from 
io above for any required pressure by the 
qua t ion • 

k (/•-uQ/w-m 


In oceanography the mean compressibility 
is the important, value ; given the density at 
the surface of a sample of water of known 
salinity and temperature, it is required to 
calculate its density at any depth. 

10kman has drawn up tables of corrections 
by means of which this may he done, which 
are of great assistance in the hvdrodynamieal 
theory of currents in the sea. 3 
• 

1 Pub. <h‘ Cire. No. 13. 190S. 

:l Ibid. No. 49, 1910. 
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The following table gives some values of the mean compressibility calculated from the 
formula above, for an average sea-water : 

Ml«.\N ('oMI'RESSIIUL1TY :10 s of Sk\-\v vtkr of <t 0 -28 


p(liars). 

t It'. 



15". 

20". 


:wr. ] 

0 

4050 

4531 

4427 

4345 

4281 

4233 

4.1 IC | 

10 

4(551 

4r,!:i 

4420 

4338 

4274 

422(5 

4101 

50 

4(520 

4 104 

4302* 

4311 




loo 

4582 

4458 

4357 

■CTS 


■■ 

• > 1 

200 

4508 

4388 

4201 





400 

48(58 

425(5 





i 

1000 

-II III!) 

301(5 

• • • 






High tern p(*ral-u res do not occur at 
great depths, so blanks have been left 
in the table. The absolute accuracy of 
the results is n«>( so great as might be 
supposed from the number of figures given: 
the figure for the total compressibility is 
probably not more accurate than three parts 
in a thousand. The accuracy with which 

('OKFKU [HN'TS OF TlIKRMW, K\l-\NSIO\ l0 r “ : 


the difference in density of two specimens 
of water at the sane level can be calcu¬ 
lated is considerably greater, say one part* 
in a hundred of the difference: and it is 
ehietly with differences that we have to deal 
in ocifknography. * 

§ (6) Tiikkmau K\ cansion. -The following 
values are given by Kkman : 1 
• * 

|O r, #AT At.MoSIM) KKH # 1'RI;SSUKK (p — O) 


105 

(57 

17 

88 

151 

207 

257 ! 

808 ] 

70 

44 

35 

lot 

103 

217 

2(5(5 

811 


21 

54 

118 

175 

22*5 

273 

817 | 

-32 

0 

71 

132 

ISO 

235 

28o 

323 ; 

10 


88 

14(5 

107 

; 241 

287 

320 

11 

40 

104 

i 150 

208 

| 252 

208 

333 

23 

51 

III 

1(57 

214 

257 

207 

331 

30 

58 

120 

172 

218 

200 

200 

33(5 

48 

* 


184 

• 


804 

« 

330 
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Expansion at MX) Bars. e. ■ 10* 
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- - • 11 ■ 

" * 

' m " 

<r o 

m 
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211 
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28 
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213 
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20 

_ 170 

100 

21 a 

232 


Expansion' at 800 Huts, c lO ,J 
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221) 

241 

2.W j 

28 

231 

240 

2 Go ! 

20 

232 

248. ; 
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Expansion at loot 

Bars, e.- 

10* 


0 . 


.V. 


ir 0 --- 27 

261 

271 

280 


28 

203 

270 

287 


20 

20.7 

277 

281) 

__J 



Tho second t.dile gives the inoreaso of the 
eoeflieient of expansion between 0 a.id 100 
bars. 

The Tahirs generally show hov greatly the 
coefficient of expansion is increased by an 
increase of salinity, temperature, or pressure. 

§ (7) Specific Heat.- The specific, heat C p 
at constant pressure, under atmospheric press¬ 
ure, has been calculated by Kriimmel 1 for 
17-5 3 from observations made by Tlioulet and 
Chevallier. 


S ' ... 

1 

8 


0 

1-000 )j 

25 

0-045 

5 

0-982 ; 

„0 

0-031) 

10 

0-1)68 i 

35 

0-032 

15 

0-1)58 j 

40 

0-026 

2o 

0-051 




The change of C u with temperature has not 
been determim d. It probably does not (litter 
greatly from that of pure water. 

0„ changes with pressure according to the 
relation 2 



p being pressure. 

Ek man 3 gives some values for the decrease 
for water of <7-,, —28 and 32 at various 
temperatures. For water of 0 ( -. and <r„--28 
the difference between C p at the surface and 
at 1000 bars, or say 0700 metres, is about 
0-0560. 

The specific heat at constant volume has not 


been measured. It may be calculated from 
the formula 

c . Tc 2 

rp rv " .J,»R' 

T being absolute temporalme, c. coellicieut of 
thermal expansion, p density, and K true 
compressibility. If. will therefore lie strongly 
influenced by the temperature and pressure, 
which affect p, K, and e (see above). 

For water of t r 0 28 (i.c. salinity 34-85 per 
cent) the ratio under atmospheric press- 

uro varies from 1-0004 at 0' to 1-0207 at 30°. 
Pressure also increases the rat io ; thus for tho 
same water at 0° tho rat io is J 0000 at 100 bars 
and 1-0126 at 1000 bars. 

§ (8) The Thermal Pokdpctivity has not 
been measured. If wo assume Weber's law 
that the conductivities vary as the specific 
heats uf equal volumes, and take 0-0011 
r.G.S. units as tho conductivity for pure water, 
we. obtain tho following values, for 17-5° C.: 


Tiieiimm. Conurctivity at L7-5’t.\ 


S 

Condui-th ity - Hi®. 

v-: 

('oiidm-t ivily x 10®. 

0 

1400 

j 30 

1340 

10 

1307 


1341 

20 

1373 

40 

1337 


The value probably falls with increase of 
temperature, as in the case of distilled water, 
and according to the same or a very similar 
law, l' t / ,,(! -0-0055/). 'I’he figures above are 
only approximate, but they serve to slow the 
vanishingly small effect of pure conductivity 
in the sea. 

§ (0) Potential Tkmpekatukf. This is the 
temperature which a body of sea-water would 
have if raised adiabatic-ally from the depths 
to the surface. See § (40). 

§ (10) Osmotic Pressure and Lowering of 
Vapour Pressure.— The osmotic pressure in 
atmospheres at O' has been calculated by 
Sigurd Stenius 4 from tho freezing-points, using 
tho factor - 12-08 and tho change of boiling- 
point and vapour pressure by Kriimmel. r> 


Salinity. 

Osmotic 
Press nn*. 

__ _ . 

Rise of 
BuiliiiR- 
point. 

Lowering 
of Vapour 
Pressure. 


at m. 

"C. 

mm. 

r> 


0-08 

2 13 

10 

G 44 <■ 

i; :r, 

4 23 

15 

''GO 

0 23 

6-45 

20 

12 1)8 

0 31 

8-47 

25 

16-32 

0 3!) 

10-73 


10-67 

0 47 

12-1)7 


23-12 

0.76 

1.7-23 

40 

2G-.7D 

0 64 

17 57 


1 11107 i. 270. 

2 See “ ThcrmiHtynamii'H.” $ (28), Yol. f. 

' Ann. d. Undr., il)14, 212. 


* ofrersp/t. nf Finsku I'rtrnxlnpH-Sncirtrfenx F"r- 
hmullinunr. Bit. 40, Nn. (’*, ir.-lsliusiors, 1004. 
r - Ozmnoyrnphir, 1007 «*<!., i. 212. 
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A small correction for the effect of the j 
change in heat yf fusion and heat of dilution, 
which Stenius gives separately, is '.ncluded 
here in the figures for osmotic pressure; it’is 
at most 007 atmosphere. 

§ (II) VAT’uit ati ox.—VV ? ust 1 has calculated'' 
this from observations made at sea. Sea-wator 
was exposed in hydrometer trial-jars with a 
surface of 2S.‘l sq. cm., and the^oss hy evapora¬ 
tion was determined hy frequent- titrations of 
the chlorine. Candid meteorological observa¬ 
tions were made at the same time. lie found 
that the height of water in millimetres 
evaporated in twenty-four hours could be 
expressed by 

v r . /()/’„)( 1 -I a/)(0-t)Sc„ r d ), 

when* c is a constant, j(ir.,) expresses theVoid 
clfeet, a is the coefficient of expansion of a gas, | 


well. His values at 0° in dynes per 
centimetre, aie: 


| Surface Tension. 

S ■/, . . 

Surface Tension. 

77-00 

25 

77-04 J 

77 20 

DO 

77-75 | 

77*:u 

35 

77 4*6,. 

77 r>:{ 

to 

77-07 


The effect of salinity is therefore very small ; 
that of temperature rather greater. For in¬ 
stance, the value for water of ’{•> salinity 
falls from 77-86 at 0 C. to 7R 30 at 2d ' C. 

§ (13) Viscosity.- -'Phis ha ; been determined 
by Krummcl and Kuppm 3 relatively to dis¬ 
tilled water. The results are given in the 
following table, the viscidity of pure water at 
(T being put at 100: 


Salinity 


. 

V 


1U. 

15. 

20. 

25. 

::n. 

0 

10(H) 

|0O 51 

101 7 

102-5 

10.3-2 « 

1113-0 

lot j 

1 

00-0 

DOS 

07 0 

08-3 

5)0-0 

007 

too 4 

o 

02+> 

03 5 

04 3 

05 1 

515 51 

5)0 0 

07-3 

3 

SSI -7 

00-0 

01-4 

02 2 

02 0 

03 0 

04 3 


St-7 

H5 5 

80-3 

87-o 

87 7 

88-4 

80 1 

in 

73 0 

73-8 

74 5 

75-2 • 

75-8 

70-5 

77-2 

15 

03'0 

04 3 

04-0 

05 0 

00-2 

• 00-5) 

07 5 

20 

50-2 

50-S 

57 4 

58 0 

58 0 

50-3 

50-0 

”5 

I'.Mt 

50 -1 

51 0 

51 0 

52-1 

527 

53-3 

30 

41!) 

45-1 

40-0 

40-5 

47 0 

a __ 

47-5 

48 1 


105 2 

105-0 

loll 

101 8 

518 0 

5)87 

05-0 

057 

80-8 

00 5 

77-8 

78-5 

08-2 

08-8 

0O-5 

1 01 1 

53-0 

51-5 

48 0 

j 401 


l the temperature, e„ the vapour pressure of 
water at the temperature in the jar, here 
multiplied by »M)S to allow for the lowering 
caused by the presence of salt, and c d the 
actual vapour pressure of the. moisture in the 
air at t he time. 'Phis led to the formula 

t)*dy( 1 i-O llw’,)(l i a/)(0-0Sf 8 -r d ), 

where n\, is in km./li. He t-lien reduced the 
values for the speed of (he ship, and finally to 
water level by means of determinations which 
ho had previously made on the. variation of 
wind force,humidity, and temperature from the 
sea surface up to fi metres. He reached the 
final conclusion that the evaporation in the 
jars was a little over twice what- it woultl have 
been at sen-level, and that the mean yearly 
evaporation for the whole of the so^. is about 
82 cm. • 

§ (12) Surfack Tknsion. -This has been de¬ 
termined by Kriimmel - bv the method of air- 
bubbles from a capillary t*ibe. He found that 
the equat ion « 77-0!) - 0-1788/ + 0-0221 S 7,. t 

where S is salinity, fitted the observations 
• • 

* Vernff. lust. f. Meereskmuie, Iterlin, $.b\ ltcihc A. 

lift. 0. I‘120. • . , 

1 Wilts . Meeresuttfersiteh. Kiri, 11)0<), Oil. >. Htt. L, 


The viscosity of pure water at 0 J lias been 
measure!M»v several-observers : Bingham and 
White, 1 0-01707, Hashing, (M)17!W 5 C.ti.S. 
The viscosity of flea-water is of importance 
chiefly from the biological point <>f view : the 
frictional resistance affecting ocean currents 
is an. entirely dilferent quantity. The Tables 
show that viscosity is greatly decreased by rise 
of temperature, and jlighlly increased by rise 
of'salinity. The viscosity., of *pure water is 
diminished by increase of pressure, while that of 
a strong salt, solution is increase 1. The effect of 
pressure on sea-water has not been determined. 
§ (14) Ki.KITRIC’AL ( ON OTTCTIVJTY.—— Itlippill f ‘ 

measured this at 0°, ld°, and 2d' (\, and 
deduced the following formulae: 

L 0 o = 0-0001)78 S — O-OOOOOdOf) S- 

+ 00000000517 S 3 , 
L 15 o- 6-001405 S -0 00000078 S’ 

i (M>OOOOOOS76 S 3 , 

1^, = 0-001823 S - 0-00001276 S- 

+ 0-0000001177 S 3 , 

where S is salinity. 

* ir/jw. Mceresnuters. Kiel, 1000. ix. 25). 

#* Ztstch. z. pints ik. Chew. Ixw. 081. 

5 Phil. Mag., 1000, i. 502. ii. 200. 

* Kriinutici, Ozemwgraphie, 1007 i. 200. 
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It- will hr noticed that this gives the con¬ 
ductivity of pure water as zero. The tempera¬ 
ture eocnicient is considerable, about 5 per 
cent. Knudson has found the following 
expression for it: , <, 

log Lj — log Iij- h f(/ ; - lo ). 

't varies only slightly with salinity ; according 
to Ruppin, at O' it is 0-01135, at 25°, 0001)28. 


or more northwards of the Dogger Bank ; 
in the open oceans 50 to 00 in. has been 
often retf^rded. 

• Observations made by Regnard 2 with a 
selenium cell, off Monaco, showed that half the 
light of the particular wave-length to which it 
was most sensitive was absorbed in the first 
metre, and t wo - thirds in the first seven 
metres; beyond this depth the change was 


< » 

t Conductivity in Ri-utpuooal Ohms 


t. 

' Salinity. 


in. 

15. 

20. i 

a. 

3D. 

35. 

•10. 

0 

0 0018 

0 0002 

0-0135 

IHII7U 1. 

0 0210 

0 0254 
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0-0551 

5 

O 0055 

' 0-0107 

00150 

0-0203 

0-0*248 

0 0202 

0 0555 

0 0578 

10 

(MMMJH 

u-0122 

0-0178 

0-O251 

0-0285 

0 0HH2 

0-0.HS2 

0 0150 

15 

O'0071 

0 olHS 

0 0201, 

0 0201 

0 OHIO 

0 0575 

0 0 451 

0 0480 

20 

00070 

0-0154 

0 0225 

0 0202 ! 

0-0557 

0-0120 

0-0182 

0 0515 

25 

0-0088 

0 ul71 

0 0240 

0 0323 ! 

0-0501 

0 0104 

0 0552 

0-IHiOl 

.HO 

0-0007 

_ t. * „ 

0 0187 

" "- 7:l 

0 0.354 ! 

0-0455 

0-0510 

0 0585 

0-0000 


§( 15) Refractive Index. The most recent j very slow. He also measured the intensity 
determinations, for the I Mine, air-water, are j bv the amount of combinat ion caused in 
by Vaurabourg. 1 ’ l tubes full of a mixture of hydrogen and 
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j 
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1 ! 
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„ j 


-*• 


0° 

l 

•550O4 

1-55702 

t 

1-53800 

-.>3807 1 

1-33005 

1 -34002 

i :timo 

5 

i 104 

580 

085 

781 ; 

877 1 

073 

000 

105 

JO 

i , 470 

.505 

• 000 

753 

848 j 

043 

038 

133 

15 

! 457 

550 

024 ; 

718 

81 1 

005 

33000 

002 

20 

i 500 - 

^88 

581 

073 

700 j 

858 

051 

043 

25 

: 547 

458 

530 i 

022 

713 

805 

807 

■33088 

50 

201 

1 

582 

475 

501 

055 , 

710 

830 

027 


The increase of refractive index with pressure is 
000017 per atmosphere At O' and 0-000015 at 
20’for distilled water ; tlic law for sea-water is 
])robably similar if allowance is made for the 
smaller compressibility. 

§ (10) Transparency. —The larger number 
of observations on the transparency of sea¬ 
water have been made by noting the maxi¬ 
mum depth at which a white disc, generally 
0*5 m. in diameter, can be seen. The 
depth obviously depends to a large extent 
on the altitude of the sun and the*amount 
of disturbance of tin* surface, so that the 
results arc only roughly quantitative. The 
maximum depth recorded is 00 m. in the 
Sargasso Sea, with a disc 2 rn. in diameter. 
In the North Sea the depth varies from 
5 to 12 in. in the southern part to 20 m. 

• 

1 Coy/iptra Rendu*, elxxii., April 1, 11121, So. I 1 , 
803. 


chlorine. The result, was similar to that given 
by the selenium cell. 


Iippth 

HCI 

Depth 

HCI 

fillet M-i). 

formed. 

(met ii'*). 

form pi 1. 

.. 

70 

8 

10 

+ 

25 

10 

0 

f, 

13 




i Hellamb Hansen 2 Carried out photographic 
measurements jut considerable depths in the 
! North Atlantic ; panchromatic plates (W rat ten 
■ and Wainwright) were exposed for various 
j lengths of time, somi. of them under red, green, 
; f»r bine filters. In clear weather in .Juno a 
plate was fugged at l(Wj0 met res in f 80 minutes, 

I - f,n V ie iJuuk les 4'ttu.r, p. 205. Paris, I HOI. 

! 3 Murray and Jljort, 7'M’ Dept 1 * of the. Ocean, 

1 p.201. 
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but not at 1700 metres in 120 minutes, no j 
filter being used. It is difficult to compare the 
effects of tin* filters, since they increase tho 
exposure necessary in the open air very con¬ 
siderably. A plate under a blue filter \yas 
affected in 40 minutes at 500 metres, but not, 
under a green one ; red light was found to 
penetrate to 100 metres. At 500 metres the 
light still had a definite diroe* ion downwards, 
a plate exposed horizontally being more 
affected than one exposed vertically. * 

ij (17) Absorbed Gases. — Oxygen and 
nitrogen (including argon) are absorbed accord¬ 
ing to their solubility under tho particular 
condit ions of temperature and partial pressure, 
while the solubility of carbon dioxide is affected 
by the fact that it is in equilibrium with dis¬ 
solved carbonates. It. lias often been suggested 
that, the amount of dissolved gases in an under¬ 
current# could be used to determine where it 
was last at the surface. In the case of 
oxygen this is incorrect; experiment has 
shown that there an* great bodies of water 
very deficient in oxygen, which must have 
been removed by living organisms. Nitrogen 
might give better results, but. great un¬ 
certainties are caused by the mixing of the 
under layers. 

(i.) \'itn*jen. d. J. Fox' has obtained ! 
the following formula for the number of e.e., 
reduced f<* O' and 700 mm., of nitrogen and 
argon dissolved by a litre of sca-wutor of 
various temperatures and chlorine contents 
in contact v ith an atmosphere assumed dry, i 
free from Ob and at a pressure of 700 mm. of* 
mercury, 

N 2 - I N 03!) 0 4301/ 4 0 007153/- - O 0000540P 
-t.’l(0>2172 -0 007187/ t 0-0000052/-). 

(ii.) —Tho formula 1 for similar con¬ 

ditions is 

()., 10-201 O-2SO0/ + 0-O00000/: 2 --0 0000032P 
- 0(0-1101 -0 003022/ +■ 0-000003/-). 

(iii.) ('urban Ikoxide .—The solubility of 
carbon dioxide in sea-water cannot be expressed 
simply, since it depends partly on the excess 
of base over acid. It. is a question of physical 
chemistry rather than pure physics, and this is 
not an appropriate place to discuss it, even if 
it could be done in a reasonable spaA\ The 
papers byKrogh, 2 Pettersson, 3 Knudsen, 4 Fox, 6 
Kurt 13uch, 6 and Schulz 7 may bo referred 
to. 

1 Pub. ib' ('ire. No. -11. 

* Mnlilcli'lxi r <>m (Ireland, flit. <W7, pp. 331-434. 

Copenhagen. 1!>0I. a 

J s,nt. ( ,V ( if/r. Mild.. 1804, pp. 300. 520. 02;». , ^ 

4 Den Ihw.sfci’ fmfiitJ’J^.rpriL 144. i. lift. 1. Cnp<%- 
hageu. • 

4 1‘uh. th*('irc. No. 44. 

• /■'hntUiii‘1. bf/drn. hint. Vntcrmch. No. 14. Helsing¬ 
fors, 1017. , 

7 Ann. <(. lfn<lr., 1021,273. 


II. Methods of Observation 
Temperature and Collection of Water Kanipkx 

§ (IN) Surface Temperature. — This is 
e-asily rletermincd by rinsing a bucket, several 
times in the sea and then filling it and 
reading the tcmpeiature at. once with a quick 
thermoim-tc’’ divided to fifths or tenths of 
a degree. The tliermometer should not have’ 
any frame or case surrounding the bulb, 
which ihould be, kept in the water during 
the reading. Canvas buckets should not bo 
usee* ; the evaporation from the pores causes 
cooling. , 

§ (111) Bei.ow tiie Surface: Maximum- 
minimum Tiiekmomktf.k (Mu. per -Casella 
Model). This is a maximum-minimum ther¬ 
mometer of the Six yattern with movable 
indices, specially constructed to withstand 
pressure. It has been very 
largely employed in the //^~\ • 

past, but is now going out 
of use. In wafers in which 
the temperature continu-* 
ally decreases downwards, 
it gives results as accurate 
as the workmanship will 
allow, fn coastal waters 
and in high latitudes 
generally a warmer layer 
is oft eft found under a 
colder one, and in this 
ease. it. will obviously fail 
to record the rise of tem¬ 
perature. ft. does not 
collect a sample of water. 

$ (20) Reversing Ther¬ 
mometer (Fiij. 1).—The 
reversing therwometer 8 
has just above the bulb 
a small side-branch on tin*, 
capillary ; above this again 
the capillary is much en¬ 
larged and bent jpto a 
ctirve for a short distance. 

The rest of the capillary 
is of the usual bore, ami 
ends at the top in a rather 
large secondary bulb. It 
contains so much mercury 
that this secondary bulb 
is partly filled, and the 
amount, of mercury stand¬ 
ing nbtve tho side-branch 
at any time will depend 
on the. temperature. If 
now tho thermometer he turned upside down 
(reversed) the mercury breaks at the side- 
branch and Hows to the other end ; the stem 
is graduated to be read in this position. If. 
a| is generally the case, the thermometer 

g V. Walfrid Kkman, Pub. <k Cirr. No. 23, 1003. 

2 x 
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becomes warmer after reversing, owii'g to the 
higher temperature of the upper layers or 
of the air, more mercury will expand past 
the side-branch ; the curved enlargement is 
intended,to trap this. In any case the broken- 
off thread will tend to expand and give too 
high a reading. To correct for this the 
.temperature of the instrument as a whole, 
must/ be read on the small auxiliary thermo¬ 
meter shown in the drawing. Then if we 
know the “ volume at O'V’ that i.sf, the volume 
of mercury which would bo broken off at 0° ('., 
expressed in units of the volume between two 
degree-lines of the reversing thermometer, 
and the coefficient of cubical expansion of the 
glass (or the apparent expansion of mercury 
in the glass), which quantities should be 
gpgraved on the instrument, we can calculate 
the correction to he' applied. If a ho tile 
apparent expansion of mercury in the glass, 
and n be the volume of .mercury brokoji off, 
i.e. ' 4 vol. at 0° " + f J , where t° is the tem¬ 
perature shown by the reversor, then an 
increase of its temperature of 5t w ill cause a 
rise of nnot , which must be subtracted from 
the reading. 

Reversing thermometers are uncertain in 
their action, sometimes giving good results 
for years and then developing serious errors. 
For this reason they are always used in pairs. 
They are sealed up in a strong glass,tube to 
protect them against pressure. An unprotected 
thermometer shows such a large increase of 
the reading due to compression that it can 
be used very successfully as a depth-indicator 
when compared with a protected one. 

Reversing thermometers are used in a special 
frame which it caused to turn upside'Hown at 
the required depth, either by a propeller or by 
a messenger dropped down t he wire. Generally 
the frame is the “ reversing water-bottle ” 
described later. 

§(21) Ins in, ati no Watf.r-bottt,e and Ther¬ 
mometer ( Fig. 2). —The Xanscn - Pcttersson 
water-bottle 1 consists of"a number of cop- 
centric cylinder^, open at both ends and fixed 
to one another. The outer cylinder A, which 
alone is shown in the drawing, slides between 
guides B, which are really hollow tubes. The 
lower ends of the guides are united by a disc 
of metal C carrying a tap and a thick rubber 
washer; the upper ends are united by a 
cross-piece I) which carries the releasing gear. 
A lid E with washer, similar to the bottom 
plate, slides on t.he guides above the cylinder ; 
it carries on its upper side a strong slotted 
metal tube which acts as a thermometer guard 
and has in addition a catch which engages 
with the releasing gear. A delicate thermo¬ 
meter of the ordinary construction sealed up 
in an outer glass tube passes through a hole 
in the lid, so that its bulb projects below, and 
1 Rkrnan, loc. cit. 


the graduations are visible above through the 
slots. The water-bottle is lowered to the 
required depth open, in the position shown 
in the rawing, so 
th?,t the water passes 
»freely through the 
cylinders. On sliding 
a messenger down the 
line the catch js re¬ 
leased. the cylinders 
d/op on to the bot tom 
I plate, and the lid falls 
I and is pressed down 
fir;nly by springs con- 
j tained in the guide 
j bars. The insulating 
i power of the various 
J jackets of water is so 
i great that the inner 
j chamber will keep 

■ its temperature un- 
1 changed to a fiftieth 
; of a degree, or less, 
i for several minutes, 

| up to seven, even 

when t he water-bot t le 
| is hauled up through 
, warmer layers of 

■ water. The insulating 
j water - bottle cannot 
i be used at depths 

greater than 400 
i metres with accuracy, 
i The water enclosed 
/ expands adiabatically 
; as the pressure is re- 
i duced, and the tem- 
i porature falls. The 
j correction may be 
j calculated from the 
| tables in § (40). 

j Strictly, a correct ion should he made for the 

■ adiabatic cooling of the apparatus itself, but 
: this cannot he done satisfactorily, since it is 

impossible to say how quickly the cooling of 
: the outer parts affects the thermometer 
i chamber. 

The water-bottle is extremely handy at the 
; depths for which it is adapted, and gives the 
1 temperature .and a largo sample of water at 
the same time. 

! §(22/ Reversing Water-bottle (Fig. ff). — 

This is a plain metal cylinder A revolving on 
j trunnions jp a rectangular frame B. ft is 
i provided with a/ over and rubber washer C 
. at each end, Which are pulled together by a 
spiral spring passing down the centre of the 
j cylinder. On the outride there are two slotted 
i tv.bes I) to take reversing thermometers, 
i When set tly* covers are pushed away from 
j the cylinder by rods working on cams K, so 
! that the water-boltlo is open at both ends. 

I On releasing it by means of a messenger or a 
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propeller the bottle turns over, the covers 
closo down firmly, and the thermometers are 
roversod. Several water-bottles may no used 



Current Velocity and Direction 

§ (24) Tub Ekman Current Meter 2 
( Dig. 4).—This consists of a vertical »pindle, 
,suspendod from a wire and turning on ball¬ 
bearings, which carries a double vane to set 
it head to current, a six-bladed propeller on 
a horizontal axle, and a means of recording 
the direction. Tlie propeller is very light, and 
the axle runs ,’n jewelled hearings and is eon- 
I nee led with countfhg dials by a worm gear. 

I It is lowered to the required depth locked. 
A messenger is dropped down the wire and 
releases the nfeehanism ; a second locks it 
again. The time between the arrival of the 
two messengers, which may be five or ten 
minutes, with the number of revolutions re¬ 
corded, give the velocitv # of the current by 
a formula which has to be determined for 
each instrument. 

The method of recording tin* direction* is 
very ingenious. Below the recording gear is 
a cylindrical box with its tycis vertical, the 
bottom of which is divided into sectors of 


Fm. 3. 

at once at various depths on a wire, each as it 
closes dropping a messenger on to the next. 
The drawing shows the bottle in the act of 
reversing, having revolved about a quarter 
of the full distance. Messengers are much to 
be preferred, in spite of the time they require 
to reach great depths. The propeller release 
may reverse the, bottle at 1(H) fathoms in a 
heavy swell instead of the 3000 fathoms it was 
hoped to reach. 

The Diehard 1 reversing water-bottle is also 
adapted to carry thermometers. It is dosed 
by two large taps instead of by rubber washers. 
It. is both light and cheap; but great caro 
must ho used in the const ruction of the taps, 
in order to make certain that the whole of 
the metal is equally compressible Any want 
of uniformity in this respect, might lead to 
leakage. 

A large number of water-bottles* of other 
patterns, differing more or less from those 
described above, have been used from time to 
time. Unfortunately there is reason to believe 
that leakage took place *with sonuf of the 
earlier makes. • 

§ (23) Storage ok Water Samples.— 
Water can be preserved for years without 
change of chlorine in glasS bottles if closed 
with rubber stoppers or washers. The milk- 
bottle patter^ of about Ji oz. with* porcelain 
stopper and rubber washer is suitable. Corks 
or ground-in stoppers should not be used. 

* Bull, IHKt, (Wan. Monaco, No. 374, July 25, 1920. 
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ten degrees each by raised radial partitions. 
In the centre is a vertical pivot on which 
swings a heavy compass ncudlef the arms of 
which slope slightly downwards; one arm 
is grooved on the upper surface. The gear¬ 
box contains a hopper full of small bronze 
halls, and at intervals the revolutions of the 
propeller cause one of these to he released 
and drop on to the needle. The ball runs 
down (he grooved arm and falls into the 
compartment below the end of it. The mean 
directing the current can ho calculated from 
the di trihution of the halls in the compart¬ 
ments ; with a steady current they will all 
bo found in two adjacent to one another. 

The Ekman meter has done good service, 
but it appears to be too fragile for work in 
strong currents. 

•It obviously must be used from a ship at 
anchor, or from some steady support. F. 

1 Pub. dc (lire. No. 24. 
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Nansen 1 has devised a buoy with clockwork 
releasing gear for use when it is impossible to 
anchor. • 

§ (2;7) NANSEN CURRENT METER.*— 'Pile 
Nansen current meter consist’s of a rect- f 
angular vertical frame within which hangs a 
« vertical pendulum with vanes and a shai?) 
poiiit'at the lower end. It swings over the 
centre of a compass card coated with wax 
and directed by two strong Aiagnets. The 
current deflects the pendulifm from f lip vertical 
by an amount which varies as the square of 
the velocity. At intervals the pondufum is j 
lowered <>n to the compass earcVby clockwork 
and the point makes a'mark in the wax. The 
distance of the mark from the centre of the 
o card, as shown by concentric rings on the 
latter, gives the velocity, and the direction is 
read off directly. Three different sizes of 
pendulum are used to suit currents ofyarious • 
strengths. The meter can ho used cithei in 
a tripod sitting on the bottom, or from a ship 
at anchor. 

§ (2(>) Tiie Hurley or Price Meter is em¬ 
ployed in America for u : ver gauging, but does not 
appear to have been used for oceanographical 
work. It is well worth a trial. It is not 
unlike a Robinson anemometer, having six 
conical cups on very short arms on a vertical 
spindle. A vane is provided to koyp it head 
to current. At every revolution, or at every 
five revolutions, an electrical circuit is com¬ 
pleted and gives a signal in a telephone at the 
surface, with which it is connected by a cable?' 
The necessity for a cable coniines its use to 
moderate depths. 

§ (27) Tfi e Level Current Rioter.'* in¬ 
vented by .Jacobsen, is adapted particularly 
for use on lightships. A* bracket projecting 
over the side of the ship carries on gimbals a 
frame on which are two circular spirit levels, 
and a short tube projecting downward*; from 
the centre for a short distance. A wire is led 
from a drum over a counting block and down 
through the tube*; at the lower end is a sinker 
and a light cylinder which offers resistance 
to the current. The stray on the line, which 
depends on the current, deflects the tube and 
frame carrying the levels, 'flic position of 
the bubbles in the latter gives the data for 
calculating the strength and direction of the 
current. 

§ (28) Effect of Turbulence on Current 
Meters. —Turbulent movement aVfocts the 
various types of current meter different I v. 
For all meters it. will be found that if observa¬ 
tions are made in turbulent water consistent 
results will not be obtained unless the duration * 
of the experiment is fairly long. Comparisons 
made in America 4 show 1 hat the Gurley (Price) 

1 Pub. d>- ('ire. No. 31, 1006. 

* Ibid. No. 34. 1006. 3 Ibid No. 51. 

* <Jroat, TruHH. Amer. Sor. Civil tingineerx, Ixxvi., 
Ixxx. 


meter, which is of the enp type, register's too 
high in turbulent water, while meters of the 
screw tVpo. on horizontal axes, read too low. 

, § (29) Effect of Unsteadiness of the 
Support. —One of the great difficulties in the 
use of current meters from an anchored ship 
has been the excess velocities set. up by her 
swings. Obvipuslv, a ship might-be swinging 
violently where there was no current; the 
tneter would b, continually dragged through 
the water and record a high velocity. Nansen 5 
has described many methods which have been 
ysed in attempts to surmount the difficulty. 

§ (30) Surface Currents can be measured 
by allowing some sort of floating drag, such 
as the old ship's log, or a tow-net properly 
buoyed, to carry out a marked line. The 
time required to carry out. a known length 
of line is measured and the speed calculated 
from this. The “drift bottles," soda-water 
bottles closed and weighted to just float, have 
been used for experiments on the great, ocean 
currents. They are thrown into the sea ami 
picked up elsewhere, generally on the shore, 
at some later date. They can of course only 
give a very rough idea of the strength ami 
direction of the current. There are cases 
where bottles appear to have circumnavigated 
the globe. Other methods of measuring sur¬ 
face currents are described hv Wharton and 
Field/* 

§(31) Wire and Winches for use with 
Apparatus. -• For all the gear described above 
a flexible steel cord of about 1000 lbs. breaking 
strain is amply strong. Nmh a cord may bo 
composed of, say, 19 single wires twisted 
together, or 4 strands of 4 wires each, or if 
great flexibility is required cf, say, 0 strands 
of 11 wires each with hemp hearts. The total 
diameter will be about 3 mm. For current 
meters it is better to use a smaller cord, which 
presents less surface to the water ; 300 lbs. 
breaking strain is sufficient. Valuable appar¬ 
atus should never be used on the single piano 
wire employed on sounding machines. 

The wire is stored on a. strong iron or steel 
drum, whiclu may be driven by hand when 
used in depths of, sav, 200 fathoms. For 
deeper water a power-drive is necessary. 
The wire paid out is measured by running it 
over 1 a block with a counting device and a 
sheave of accurately known diameter. 

Deter mi tuff.ion. of Salinity and Density 

There are only two methods in general use : 
either the. chlorine or the density is determined' 
directly and the -Other quantities calculated 
from it. 

§ (32) Hydrometers. 7 (i.) Common Hydro¬ 
meter .—This is no longer used, as its accuracy 

8 Pub. de ('ire! No. 31. 

9 IIi/deo(irnp/iie Surrei/ing. 

1 See article “ Hydrometers.” 
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is not sufficient for modern work ; the error 
on the average is I -2 of salinity. It is an 
elongated hull) with a fine stem and ia weiirh.ed 
so that the stem is partly above the Surface. 
The atom ia graduated to read densities 
cording to one of the many standards which 
have been used, and the number of these ia 
one of the objections to its use. Scandinavian 
and (jJerman instruments giv*' the density 
at 17-5' J compared with that of distilled water 
at the same temperature if the reading is nwidfc 
at 17*5°. English hydromotets are graduated 
to read accurately at lo J or lo o(i J , the unit 
of density being distilled water, sometimes at 
15-sometimes at 4°. If the temperature 
of observation ia different from that for which 
the instrument is made, a correction must, 
be applied. Knudsen'a Tables give this for 
the continental form for several kinds of 
glass. 

(ii.) Jiuchunans Hydrometer. — An instru¬ 
ment. to read all densities from l to l-Off or 
a little more would have an inconveniently 
long stem if the scale were open. This 
difficulty mav he got. over either by the use 
of a number, each covering a short range, or 
by the form which was used by J. Y. Buchanan 
on the Challemjer. This has a comparatively 
short scale, divided to millimetres, and can 
be made to flout at a suitable height in any 
sea-water by the addition of small weights to 
the upper end of the stem. It is placed in the 
water under examination at an accurately 
known temperature / , and weighted till it 
floats at a certain mark. It is then put in 
distilled water at the same temperature, and 
again weighted till it floats at the same mark. 
The volume of water displaced is the same in 
each case, but’the weights of these volumes 
are directly as the sum of the weight of the 
instrument and the small necessary additions. 
In practice the weights necessary for distilled 
water at various temperatures are determined 
beforehand, and the weight required in each 
case calculated by interpolation from readings 
on each side of the mark. It will he seen that 
great accuracy in the determination of the 
temperature is required, and* that ample 
time must he allowed for equilibrium to he 
attained. A much more seriouj source of 
inaccuracy is the surface tension of the water , 
the slightest trace of grease, such as is*almost 
unavoidable on a ship, causes so great a 
change in this, and eoi\pequently in the ring 
of water which rises round the stem, as to 
affect the readings considerably. 

(iii.) The Total Immersion Hydrometer avoids 
the latter difficulty. It js an elongated bull) 
with a very short, stem, and in use smajl 
weights are dropped over the latter and the 
temperature adjusted until it. swims in mid¬ 
water, when obviously the density of the 
water and the hydrometer arc equal. With 


care the Results are correct to 5 in the sixth 
place of decimals. 

Another form has been suggested and is 
now under trial ; instead of weights it carries 
at its lower end a fine gold chain, gnd the 
!leiigth of t.hi.4 which is lifted off the bottom 
depends on the density of the water. The 
muling is made by bringing the top of the 
bulb ; .n line with marks etched on the trinVjar. 

Th«- hydrometer is not. to bo recom¬ 
mended. Th stem form is uncertain, owing 
to changes in tin* surface tension, and all forms 
are very sensitive to temperature and tedious 
in usv if passable results are to be obtained. 

The pyenom§tcr 1 n«*od net he described here. 
It is very aeeuraie when properly used with 
a counterpoise of similar size and shape made 
ot the same glass, huff it is far too slow for 
routine work. The bcst®resuits are oblained 
by working at the melting-point, of ire. 

§ (Xi) ClIKMKAU DKTKKMI NATION <>!• CHLOK- 

ini:.—T he salinity and density can,# of 
course, be determined from the “ chlorine ” 
content by Knudsen's Tables. There are two 
volumetric methods in use, Ixftli of which are 
veiy accurate. Yolhurd’s method is probably 
the more exact, but it is too slow and requires 
too mtyh manipulation for routine work. It 
will be found in any good text-book of volu¬ 
metric analysis. 

The method almost universally employed 
is MuIu’h. It is quick, and even when the 
most accurate results are required they can 
probably be obtained with less trouble by 
'► taking the mean of, say, four determinations 
than by Vuillard’s method. 

The accurate analysis of a large number of 
samples Vithout >he errors d'*e to fatigue 
| depends so much on the smaller details that 
the method is described here fully. 

If a solution of silver nitrate be addl’d to 
a. neutral or faintly alkaline solution of a 
; clilo'-ide, such as sea-water, a white curdy 
j precipitate of chloride of silver is thrown down, 

, while if it be added t • a solution of a chromate, 
such as chromate of potash, a*red precipitate 
is formed. If the silver solution he added to 
a mixture of chloride and chromate, a white 
precipitate is formed at lirst. and then as soon 
as the. last‘trace of chloride has been pro* 
cipitatcd the red colour of chromate of silver 
appears. In order to attain the requisite 
accuracy special burettes and pipettes are 
necessary. 

Th# pi petto (I'i< 7- 5) generally used is of the 
Knudsen pattern, with a three-way tap instead 
of a mark : water is sucked up through one 
branch and allowed to flow out bv admitting 
air through the other. The upper stem should 
be long enough to allow of the pipette being 
held by it without heating the bulb, and the 

• See " balances” § (15), Density by means oi 
I’yknmneter. 
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lower should reach to the bottom of the sample 
bottle. The capacity may be from 10 e.c. 

to 15 e.c. ; it need not be 
known with the highest ac¬ 
curacy since the method is 
purely comparative. When*.] 
running the water out it should 
be held vertically, and as so<yi 
as it is empty except for the 
drop at the bottom the point 
should be hold against the side 
of the tumbler for soiqe invari¬ 
able length of time, say 10 
seconds. The method of Slow¬ 
ing out tin* last dfop by warm¬ 
ing the- bulb in the hand is 
not to be recommended, as 
it introduces uncertainties into 
the measurement of the next 
sample. When clean, such a 
burette is accurate to about 
one part in four thousand. 
Fig. 5. Ostwald’s tap grease is the 

. best, but there is no kind 

that does not srtil'the pipette sooner or later. 

The burette ( Fit/. (j) is'of the bulb form ; 
the larger part of the capacity, which is not 
generally required, is expanded into .a bulb 
at the top so as to decrease drainage errors. 
Instead of a zero mark there is a fine jot ; 
each time the burette is filled a little of the 
silver solution is allowed to overflow into the 
eup. The unit of graduation is equal to 2 e.c. 
and the graduation is from lb to 21*5 or 
from IS to 24, corresponding to salinities of 
about 27 !) to 38-8, or 32-5 to 13-3. The 
length of a unit should be about 4 cm. and 
should be divided into 20 ‘parts. Tfie burette 
shown in the figure is provided with glass taps, 
and the lubricant- is a continual source of grease 
and dirt. A much more convenient method 
is to use thick-walled rubber tubing (pressure 
tubing) and strung screw clips. A wuoden 
stand is better than a metal one, and should 
be made to support the nibher firmly on both 
sides of the clq,. AVith such an arrangement 
the burette will remain clean for years, except 
for a slight dark deposit of reduced silver which 
does no harm. The calibration of course 
should be done with the greatest‘’accuracy. 

The silver nitrate solution should be made 
from the fused salt, in order to avoid any trace 
of acidity, and should be of such a strength 
that when a pipetteful of the standard is 
titrated the burette reading is the suiifr /\s the 
chlorine marked on the sealed tube within 
0-145. The standard generally contains about 
19-38 parts per thousand of chlorine ; in this 
case, with a 10 e.c. pipette, the silver nitrate 
solution should contain 24-50 grrn. per litre. 

The indicator is a 10 per cent solution of 
neutral chromate of potash. The titration 
is made in plain thin glass tumblers; a tray 


is provided with compartments to hold 3G 
tumblers, and the compartments and tumblers 
are numbered. 

The standard water (normal water of the 
international Council) is emptied from a sealed 
tube into bottles of the kind used to hold the 
samples, generally 0-oz. or 7-oz. milk bottles 
closed by porcelain stoppers and rubber 
washers held flown bv swing catches of wire. 
The bottles are allowed to stand for some hours, 
hr better overnight, near to the burette and 
stock solution, so that everything takes the 
same temperature. Exposure to the rays of 
t*he sun or any other source of irregular heating 
should bo carefully avoided. Four pipettefuls 
of standard water arc measured into the first 
four glasses, and then the samples to be 
analysed. All should thus be at the same 
temperature. One of the standard waters is 
then analysed. Two drops or more of the 
indicator are added to the water in the 
tumbler, and the 
silver nitrate is run 
in with constant 
stirring, quickly at 
first, and then slowly 
as the red colour 
becomes more last¬ 
ing. Finally it is 
added a drop at a 
time until the red 
colour is permanent 
for half a minute. 

It is better to 
titrate to the first 
slight change in 
colour of the pre¬ 
cipitate, not much 
more than a slight 
soiling, rather than 
to a distinct red. 

Ten of the samples 
are then titrated, 
then a standard, 
and so on. The ad¬ 
vantage of measur¬ 
ing out a number 
of standards 1 and 
samples at the be¬ 
ginning is , that it is possible to break off 
the work when only half done if necessary, 
and i^Hume it later without causing any 
inaccuracy. The results of course are read 
in silver pj*r volume vf water. They must be 
calculated to weight, and this is easily done by 
the corrections given in Knudsen’s Tables, 
provided that the silver nitrate has been made 
up of the correct strength within 015. 

, The method is very accurate when onec it 
has become, mechanical, and a difference of 
more than 001 Cl between duplicates is a 
sign of something wrong, generally either 
grease in the apparatus or a chipped point 
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on the pipette. Sea water of low salinity, 
less than 20, need not be analysed with quite 
the same accuracy as a rule, an# a good 
cylindrical burette of the ordinary pattern is 

sufficient. * 

§ (34) Determination of Salinity b\ # 
Optical Methods,— The refractive index can 
he measured with a refraetometer to about 
0-00005, corresponding to sT.y 0-2 salinity, 
which is inadequate for accurate work. TJie 
Rayleigh interferometer is capable of giving 
all the accuracy necessary, and since it is a 
comparison instrument it is almost unaffected 
by temperature, but in its present form it is 
unsuited to routine use. The optical method 
should be of great value if used at sea for 
preliminary determinations, but it cannot 
as yet replace the chemical method flr the ! 
direct observation of density. It remains to 
be proved that the refractive index bears a 
constant ratio to chlorine and <r 0 , and j 
in any ease there is considerable danger of its ! 
being affected by glass dissolved from the i 
storage bottles. i 

§ (35) Determination of Salinity by 
Electrical Methods.— The temperature cn- : 
efficient of conductivity is considerable, about 
3 per cent per degree. It is possible to arrange , 
the apparatus in a suitable bath so that . 
differences of temperature are eliminated, but 
the objections to the optical method apply 
here with even greater force, and indeed recent 
experiments have shown that in some areas | 
there are wide differences between the result^ 
of the chemical and conductivity methods, 
while in others the agreement is excellent. 


give rise to currents which, however, are only 
transitory ; equilibrium is soon reached, and 
the currents cease. 'The factors which modify 
a current already set up are the rotation of the 
earth, the frictional resistance of fhe water 
I particles among themselves or against the 
bottom, and the coastal configuration. Finally, 
j it must be remembered that wafer, uijlike. thfe 
i atnmgphere, is inexteiisiblc, and that ii it is 
1 removed from any area, as, for example, by a 
wind-drift, other,water must llow in to replace 
it. 

$ (37) Effect of the Rotation of the 
Earth.- It ^s convenient to consider this first, 
since it is universal, and can be calculated 
accurately. According to the well-know n law, 
any particle moving <m the surface of die earth 
is subject to a force wlyeli tends to accelerate 
it to the right of its path in the northern hemi¬ 
sphere and to the left in southern latitudes. 1 

F<h* unit mass # 

F=-2wr sin <p, 

where is the earth’s angular velocity of 
rotation, 27r/80l04 secs. --00007292, r the 
velocity of the partible, and <f> the latitude. 
The force is therefore zero at the equator a.id 
a maximum at the poles, and is independent 
of the direction. Consider the ease of a 
particle moving with constant speed on the 
surface.; its path, if otherwise undisturbed, will 
be curved. If r is the radius of curvature, the 
tangential force is r-/r, and this is in equilibrium 
with the deviating force, so that 

v 2 jr -- 2we sin </>, 


and 


III. The Theory of Ocean Currents 

§ (36) The cause of ocean currents has 
been a fruitful source of controversy. Some 
have imagined it to be some action analogous 
to the forces w hich raise the tides, others con¬ 
sider dilTerenoes of density the moving force, 
and a third school attributes them to wind 
friction. Otto IVttcrsson has attached great 
importance to the effect of # melting ice, a 
special ease of differences of density. In the 
opinion of t he present writer the friction of the 
permanent ami semi-permanent \tinds far out¬ 
weighs the other factors. Differences of 
density are of less importance, except in some 
special areas, though they have great influence 
on the character of the ft ate r in au\*place where 
vertical convection eurrents^an be set up, and 
are undoubtedly responsible for the slow* creep 
of the cold Polar waters along the bottom 
towards the equator. ^Melting ice has been 
observed to set up strong currents in its neigh¬ 
bourhood both in the open sefl and in the 
Scandinavian fjords, but its influence is prob-.j 
ably only local. •Difference of barometric : 
pressure between two places over the sea can 


2w sin <(>' • 


Since r changes*with the latitude the path 
would be a series of loops, were it not for the 
fact that in nature the force which set the 
particle in motion in the first instance eon* 
tinues to act unchanged for an appreciable 
lengt h of time. If y he 1 metre |>er second and 
/* in kilometres we ha ve {he•following values 
for the latter : 


bat. 


' 

r. 

0 

GO 

1 40 

10-7 

2.1 

157-2 

r»o 

9 0 

5 

78-7 

! 60 

7-9 

10 

39-5 

70 

7 3 

& 

20 0 

80 

70 

30 

13-7 

1*0 

0 9 


Those quantities are often required in theo¬ 
retical investigations. The effect of the 
deviating force is difficult to measure owing 
to other disturbing factors which have to be 
tftken into consideration, but numerous ob- 
' See article “ Atmosphere, Physics of the,” § (8) 
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servations of it luivo lieen made, (‘specially in 
the Baltic, where the conditions are relatively 
simple. Dinklage 1 found that at the Adler 
Ground Lightship here, the mean deviation of 
the drift'was 28° to the right of the wind and 
that deviations to the left were uncommon. 
The theoretical value for an ideal boundless 
heean o^f infinite depth is 4.Y, but, as will he* 
shown later, a correction must be applied on 
account of the small depth which l^rings theory 
and observation into better agreement. 
Similar confirmation has been obtained by 
examination of ships’ logs from the Mediter¬ 
ranean and Indian Ocean. 

§ (38) Skin Friction cut Tangential Press¬ 
ure of the Wind on the Sj;a. —Golding 2 
found that the relation between the wind 
Velocity w and the height to which the wafer 
was piled up against the shore by the great 
storm of November 1872 in tin* Baltic could 
be eypressed by a formula which in cmf and 
secs, is 

w 144f>0 \ (l sin 7, 

(l lieing the depth and y the angle between the 
surface of the water and the horizontal plane. 
Ekman (§ (Yu)) has found the relation 

o. T 

m 7= 2 n >r 

where T is the tangential force, p the'density 
of the water, and rj gravity. Combining the 
two equations, 

T -0 WMM)032r’ 2 , 
which may be written 

»’ T -0 ()02og A V 2 , 

where p k is the density of airv 

G. I. Taylor 3 has obtained the value 

T - 0-002p A »r* 

for the friction of the wijid over glass from 
measurements nyide^on Salisbury Plain. ThC 
agreement of the constants is remarkable con¬ 
sidering the. great difference which there prob¬ 
ably is between the effective roughness of 
grass and a shallow' sea during a violent storm. 

§ (39) Skin Friction of a Current on the 
Bottom. —Taylor’s results given above were 
obtained at wind velocities of 0 to 30 miles 
per hour. According to the law' of similitudes 
the same formula should hold good at velocities 
of from 0/11 to 30/11 miles per hour for the 
friction of an ocean current on the bottom, 
assumed to be of the same roughness as grass, 
the density of water being used instead of that 
of air. 

1 >4 mm. ( 1 . llydr 1888. p. 1. 

2 ha nuke Videnxk. SelsktlhH Nkrifter, Nntur. toy 
Math. A ft/., I H« l, i. No. 4. 

3 ;Vw. Hoy. Sue. A 02, 0)10, p. 0)0. 


§(40) Relation retween the Velocities 
of Wind and Current. - Nansen found the 
relation V 

v - *019m» 

tl'or an iee-oovered sea, where r is the velocity 
| of the surface current and w that of the w ind. 

! II. Molm 6 selected from the wind and current 
j charts of the regions vithiii 20° of the equator 
i those cases where their directions coincided 
| approximately, and obtained the relat ion 

v— ’047tr. 

fvlohn’s original figures have been recal- 
! ciliated, using Koppen’s values for the con¬ 
version of Beaufort strengths of wind to metres 
: per second. If Ekman’s t heory (§ (f>0)) that t he 
constants should he in the inverse ratios of the 
square roots of the sines of the latitude is 
! correct, then the relations would agree if we 
assume that the latitudes were 82 and 3°. 
fn any case, however, modern t heory shows t hat 
the selection of the cases when* the directions 
of wind and current are the same is inadmis¬ 
sible. Dinklage® obtained from observations 
at the Adler Ground Lightship in the Baltic 
the relation v -01 3m* for winds of 0-2 metres 
per second or less, and r- l>14m for higher 
velocities. It. Witting 7 investigated a large 
number of observations made at Finnish light¬ 
ships and deduced the relation r 0-4.8 \ w, 
or if Koppen’s values for the reduction of the 
Beaufort scale are used, v --44 r and ir 
Going in cm. per see. ; he found that an ex¬ 
pression of the form nor, where in is a constant, 
could not he made to fit the observations so 
well. Gallc 8 examined the records in ships’ 
logs for the Indian Ocean and'found that if 
only the wind component in the direction of the 
curron* was used the relation was r -04 4mj. 
In shallow' waters, such as the Baltic, the cur¬ 
rent. consists of a pure wind-drift down to the 
bottom, while according to Fkmau there is, in 
deep water near a coast, a wind-drift resting on 
another current caused by the piling up of the 
water. II. Thorade 9 attempted to separate 
the surface movement into the surface drift, 
which alters rapidly with change of wind, and 
a deep current which only changes slowly. 
He came to the conclusion from material 
contained in ships’ logs that with a given 
wind the pure drift current varies inversely 
as the square root of,, the sine, of the lati- 

* “ Oceanography of the North Polar Basin, ” The 
Norwegian North I’n/nr Expedition, isn.’.-l-sm!, No. I) 
(Christiania, 1002). 

11 ” Density, Temperature, and Currents,” Nor- 
v'eqinn North At hint ir Expedition, l.vW-lx 7S 
(Christiania, 1S87). 

* ” Die OberJlaehenstromungen in Siirtw. Tie. <1. 

Ostsee," Ann. a. Itydr.. 1888; p. 14. • 

7 Ann. d. llydr., 1000, p. 100 

h Meded. en Verhand. lion. Ned. Met. Inst. 
(I'treeht, 1010), No. 0. 

* Ann. d. llydr., 1014, p. .470. 
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luclc, and tlmt for low wind velocities the 
relation is 

•ji.'HK 'w 1 

V = — r : •• , 

\ sin <p * 

for high velocities 

•0120ir 

pr. 

V sin <l> ;J 

§ (-41) Coastal Config ukation. — Thr 
general circulation of the ocean is broken by 
the land masses which coniine it to relatively 
small areas in which the water rotates, clock¬ 
wise, in the northern halves of the Atlantic ami 
Pacific Oceans, and in the opposite direction 
in their southern halves. It is only in high 
southern latitudes that the currents find a free 
sweep, and here they How eastwards rdund 
the world. The continents also influence the 
currents indirectly by their effect on the dis¬ 
tribution of atmospheric pressure, and hence 
on the winds and wind-drifts. The most 
striking instance of this is found in the northern 
part of the Indian Ocean, where the currents 
are. reversed twice in a year by the monsoons 
set up by the Asiatic continent. 

On a smaller scale the influence of the coast 
line is generally beyond the reach of mathe¬ 
matical treatment on account, of the many 
complications encountered, but on tin* whole 
it is what might he expected by any one who 
has watched a river Mowing past piers and over 
falls. A current tends to flow parallel to a 
coast f»n which it impinges, and when the coast 
lies to its right, in the northern hemisphere, 
the current follows it closely, as, for instance, 
the Kant and West Greenland currents. If the 
current meets u coast, even at a very small 
angle, eddies are formed on both sides of it 
which rotate in opposite, directions. A current 
meeting a coast nearly at. right angles may be 
split into two parts, as the South Equatorial 
current is split on Cape San Roque. The 
eddies formed are. often an large as to deserve 
the name of currents themselves; many 
charts are misleading on this point, and show 
the water as moving in smooth .regular curves. 

Knimmel 1 has described some interesting 
experiments made in tanks shaped roughly to 
resemble the oceans: and if due regard be 
paid to the law of similitude, valuable quanti¬ 
tative information may be obtained as to the 
probable effect of obstructions in estuaries. 
Kkman (§ (f>4)) has investigated matifematically 
sortie simple eases of the infltfenee of the coast 
line on wind-drifts. 

§ (42) CURRENTS DUE TO MELTING lCB. — 
Otto lVttersson 2 has advanced a theory 
according to which the melt ing of the Polar ice 
is the earn* of currents, not only m its neigh- 

1 Ozrnuoi/raphir, I ‘.It II nl., li. 471. 

2 (,'miir. Journal. I'.lots, p. 2Nf>; 11)07, p. 270; 
and elsewhere. 


! bourliood but also in regions far removed. It 
j is explained by Fig. 7, wliiel shows one of a 
! large number of experiments made by .1. \V. 
i Sandstrom. A block of ice floats at one end 
| o f a tank of sau-water and melts in it. * As the 
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N » j 




* 

• 

Km. 7. 
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i 
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face of the block ,nelJ5? the water in contact 
with it »s so much diluted that, in spile of its 
low temperature, it floats and Mows away a^ 
a surface current. On he under side of the 
block tin 1 , water is strongly cooled without 
undergoing much dilution, so that it sinks and 
Mows away as a bottom cur rent. Between* the 
two a mirl-water current moves towards the ice. 
It is highly probable that such a eirculfition 
takes place near tlie ire-fields,*and it has been 
measured in detail in,fjords by Nandstroin : 
but t he total amount of ice melted in the Polar 
regions*in each year appears to be too small to 
account for tire great ocean currents. 

§ (4.4) Com cessation’ Currents. — Since 
water is^inextensible, it follows that if it be 
removed from any area, as, for instance, bv 
the wind, other water must Mow in to take 
its place. The compensation generally takes 
place horizontally, but where the wind blows 
away from the coast the rate of removal may 
be so great that water is also sucked up from 
the deptns, and cah usually he frerognised by 
its salinity and temperature. Thus low surface 
salinities occur aldng the dry riverless south¬ 
east coast of Arabia, and low temperatures 
along the west coast of Africa in the Trade 
Wind area. On the small scale the pheno¬ 
menon is well shown in the Baltic. Kriimmel ;l 
<py»tes a ease where jin August, in the Memel 
Deep, after long-continued i!ist winds, the 
coastal temperature fell from 11) to S in the 
course of a day while it was still 18° at four 
or fi\ e miles oil shore. 

In the saute wav a wind-drift impinging on 
the coast escapes partially downwards and 
carries the surface temperature to the depths, 
as on the west side of the Atlantic Ocean in the 
path of the Equatorial Currents. 

('o*|i]S'lisation currents may occur far from 
land. The Guinea Current is a horizontal com¬ 
pensation current. Mowing eastwards between 
the two westerly Equatorial Currents of the 
Atlantic. 

One of the greatest compensation currents is 
found at considerable depths in low latitudes, 
* where, the cold bottom water rises tow ards the 


3 Ozranograpftie , 11)11 o<h, ii. .’»3G. 
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surface to replace that carried away hy the 
rapid wind-drifts of the equatorial regions. 
On the eas{. side of the Atlantic Ocean the 5° 
isotherm rises to (H>0 m. under the equator, 
while in 30° N. lat. it is found air 1500 in. » 

§ ( I t) The Vertical Circulation. —In ad¬ 
dition to the vertical compensation currents 
’ we jn\ve those due to changes of densitjf. 
With the possible exception of rising currents 
in the great depths they have tluyr origin in an 
increase of the surface density either hy evapo¬ 
ration, as in the Trade Wind areas?; or by 
cooling. A decrease in the surface density by 
heating or by dilution can obvynislv only in- i 
crease the stability, so that ascending currents 
of this type cannot arise except indirectly as 
the result of displacement by descending 
•currents. The effected such changes of density 
is well shown in the English Channel and the 
North Sea. in the winter the water is of 
neaflv the same temperature and saliiCtv at 
all depths. As spring advances the surface 
gains more heat hy day than it loses hy night, 
so that it been,ores lighter and the vertical 
circulation is impeded. This makes it possible 
for the land-water to collect in the upper strata 
and form a layer of low salinity and density. 
Once such a layer is formed the veitieal cir¬ 
culation is confined almost entirely to it, since 
the nightly cooling of the surface water cannot 
make the latter heavy enough to break through 
into the dense lower layer. The heating of the 
surface then becomes more rapid, so that in 
extreme eases the temperature has hern found 
to fall at the rate of one degree per metre on 
passing from one layer to the other. Such a 
layer of rapyl change is .known a* the dis¬ 
continuity layer, thermoelinc, or in German as 
the spnmgsohict. «. 

An interesting case of vertical currents due 
to evaporation is found in the Trade Wind area, 
where the descending water probably makes its 
wav equntonvards, and there continually 
renews the layer of restively high salinity 
which underlie^ tlje fresher surface water'of 
the equatorial rain hell. 

$ (45) The bank water is a phenomenon 
which is probably duo to vertical circulation. ' 
Nansen 1 showed that in region* where the 
surface water Hows from areas where rainfall ( 
is low to others where it is high, as in the j 
north-eastern Atlantic Ocean, the salinity over ! 
shallow banks at some distance from the i 
nearest land is often leas than over the sur- , 
rounding deep water. He explained tiiis on j 
the supposition that the natural depth of the ; 
circulation is greater than the soundings on the j 
banks, so that rain falling on the latter is ; 
mixed with a smaller proportion of sea-water 
than is the case over the deep water. This j 

1 “Das Rodrnwassrr und die Abkiihbing Hch i 
Morn s,” Interval, tier, dexamt. Ilydrobiol. und [ 
Hydrographic (Leipzig, 1912). I 


explanation necessitates relatively slow hori¬ 
zontal movements over the hanks. 

§ (4<* Til k bottom water of the great 
(tceans at depths over about 2000 m. has a 
temperature of .‘1° or less, except in areas which 
arc cut off from the general circulation by 
submarine ridges rising towards the surface. 
The bottom temperature is lowest where the 
connection with high latitudes, and high 
s*u>them latitudes in particular, is most open. 
It is generally agreed that this bottom water 
is due to descending currents in the regions 
surrounding the poles, but the exact place 
ntid mode of formation is disputed. Otto 
Petlersson holds that, it is due to cold descend¬ 
ing currents from melting ice ($ (42)). Nansen 2 
has attacked this theory on the ground that hy 
far flic larger portion of the ice is shallow pack 
which, in the North Polar Basin at any rate, 
floats in a layer of low salinity formed by the 
discharge from the rivers which drain into the 
Arctic Ocean, so that it is completely cut off 
from a vertical circulation reaching to the 
bottom. He supports this view by experi¬ 
ments. If ice is floated on warmer sea-water in 
a jar, the vertical circulation ceases as soon 
as a surface layer of low salinity has been 
formed, but if it is enclosed in a metal 
box, which either lloats or, is suspended just 
above the surface, the vertical circulation to 
the bottom of the jar continues as long as 
any ice is left. The last case corresponds to 
radiation from the sea to the sky. It is 
obvious, on Nansens hypothesis, that the 
ho item water can Ik* formed only where the 
density, apart from compression, is nearly the 
same at all depths. He suggests one place, 
for instance, east of Capo Farewell where, in 
autumn, the surface salinity is slightly less than 
that on the bottom. During the winter the 
salinity is raised hy the formation of ice which 
is continually broken up by the wind so as to 
expose a fresh surface of water to the air. In 
late winter and early spring the salinity has 
become equal to that on the bottom and the 
temperature is a little, lower. The dense 
water sinks aijcl is warmed adiabatieally by 
compression until its temperature is the same 
as on the bottom. 

According to this hypothesis the bottom 
water is due to the formation of ice, and not 
to its melting. The localities suggested by 
Nansen for its origin are all over deep water, 
but the observations of the Deutschland in the 
Weddell Sea led 1- Brennerkc to the conclusion 
that, in southern latitudes at least , it may bo 
formed on the shallows. 

§ (47) Vertical ‘Equilibrium and Sta- 
Ailitv. —It has generally been the custom to 
discuss questions of vertical equilibrium, such 
as that in the Trade Wind areas (§ (44)), on 
the basis of cr t only, and »lo neglect the effect 
1 Lot, cit. § (45). 
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of pressure. For instance, it was assumed 
that if water at the surface was slightly 
denser than another body of wa^or at a 
greater depth, the density in each, ease being 
referred to atmospheric pressure, the former j 
could in all cases sink below the latter. An* 
advance was made when the adiabatic heating 
due to compression and the resulting decrease 
in density Mere taken into account, but for a ! 
complete discussion it is necessary to consider , 
the effect of differences of salinity also since i 
they affect the compressibility The problem ' 
has been fully treated by Th. llesselberg and 
H. U. Sverdrup. 1 % 

At the depth metres let salinity, tempera- ; 
turn, pressure in decibars, and density be i 
.s, /, p, and /»„. ti v ; and at the greater depth 
z dz let the corresponding quantithis be 
* 4 1 1 fll > fi t- dp, and p, (lls< t ( „ (rfJ)> Let 

a water-particle A be brought down from the 
depth 2 to another particle B at tlie depth 
z \ dz. It will be heated adiabatieally by an 
amount dj". and the corresponding change in 
density will he (rp/tf )</{’, so that the density 
will now be 

vp 

P*. 1. JHtij. t- 

If A is now lighter than 11 it will tend to rise 
again ; if its density is the same as that of B 
it will remain at rest in indifferent equilibrium, 
ami if lilt' density is greater it will tend to sink 
still deeper. 

The difference of density 

. , t'p 

•V ; pit, da, t,<U. V + dp "■ tp«. t, Pi-tlp : j ^d\) 

is then a measure of the vertical stability 
between z and i dz. The stability at a point 
can be defined as 



A/i/rf: being distinguished from dpjdz, which 
is the change of density downwards apart 
from any movement in the water. 

Since 

CHjl/it. t 1 lit. " i'x. I. p , ll /''•*- dt9 \ r dtj 

rp/dl _ t/rt ,> rfj 
(t \(/z ({'./ (',? dz 

• 

If the salinity is constant, as is the case in 
great depths, the temy cpjix ttxjdz vanishes. 
Bruno Schulz 2 points out that *t is more 
correct to multiply dtjdz by ?pfvt calculated 
for the mean temperature H hit. Hesselberg ' 
and Sverdrup 3 give tables to facilitate the 
calculation of the stability founded »yi 

1 “Dio Stabllltii tsvcrUiiltniHSo di# Scowasscrs,” 
lierijPUK Mi*rums Anrhok, 1014 I til ft. No. 15. 

- “ Dio Heart eilunu ties vortikalon (ifelchgewiehts 
Im Mcere," Ann. d. JhAir., li> 17, p. 03. 

a Loc. cit. 


| Ekman’s figures for compressibility and the 
! adiabat ic heat ing. The stability varies greatly 
from place to plaec. Jn the Atlantic in 28J° 
N., 11) W., in May, in an instance examined 
by the last-ipentioncd authors, it wasbiegative 
from the surface down to depth between 
25 m. and 50 m., then rose to a very high 
Value, after which it decreased downwards anu* 
became neutral at 5000 in. At this’station 
the temperature and salinity were nearly 
constant down to 50 m. Schulz 4 gives two 
in .taints, from deep water near the Philippines 
andw Britain, where it was very high near 
the surface owing to an increase of salinity 
and decrease* of temperature with the depth, 
became neutral at from 5000 m. to 0000 m., 
and below these depths was negative down to 
the bottom. •* 

§ (48) (.'conditions in a Partially En- 
ci.O' hd Ska.— In a sea cut tiff from the geu ral 
bottom circulation by submarine ridge.^ the 
bottom is tilled by th« densest water which 
has access to it. This may be derived either 
from the surface during the.wjnter or from the 
stratum of Mater in the surrounding sea at the 
greatest depth found An the ridge, and since, 
on the whole, temperature has more influence 
than salinity upon the density, it may he said 
that the bottom Mater will come from the 
colder of these two sources. It was at one 
time believed, chiefly on the ground of ob¬ 
servations made with the maximum-minimum 
thermometer, that the temperature was uni¬ 
form from the saddle depth to the bottom, and 
indeed this instrument could not have shown 
a rise. Later investigations with the reversing 
thennonyder show that in many cases the 
temperature reaches a minimum and then rises 
again with increasing depth. Such conditions 
are found in the Arctic Ocean. 5 the Mediter¬ 
ranean Sea,' 1 and the western Pacific Ocean. 7 
'l'his appears to be due, in part at least, t»» the 
adiabatic heating of the Mater by compression 
as it sinks (§ (41))). In the Mediterranean 
tlv heating is slightly less than is demanded 
by theory, in the Arctic iVoan it is slightly 
more, and in the remarkable depressions of 
tlie western Pacific near the Philippines and 
New Britain, the excess reaches O IL or 0-4° 
on the bottom. The minimum temperatures 
occur at the level of the bottom of the sur¬ 
rounding sea, and from this depth downwards, 
in the western Pacific, the salinity is constant 
and th^ temperature excess increases at the 
rate fif 0*1° per 1000 m. The cause of the 
excess is somewhat obscure. The normal out¬ 
flow of heat from the earth's crust is com- 

4 lor. cit. 

6 Fridtjof Nansen, The Xonregion Xurth Volar 
Expedition, iii. 341 (I'liristiania, 1002). 

* V. W. Kkman, Vnh. dr Circ. No. 43 ; and .1. N. 
NWtaen, Danish Oceanographical Expedition to the 
| Mediterranean, 1008 1010. i. 142 (roponhaj'on, 1012). 

I 7 O. Schott, Ann. d. llydr., 1014, p. 321. 
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putatively .small and would require nearly 200 
years to produce (lie observed effect, but it is 
scarcely possible that the water can have been 
stagnant so long without having been at the 
same tinfe so completely mixed by convention 
currents that the increase of temperature down¬ 
wards would have been obliterated. It is 
possible,, as Schott suggest, that the excess* 
of temperature is due to the volcanic nature 
of the neighbouring lands. 

(49) An I A BATIC Temperature Gradient. 
—If a small volume of water-particle ta com¬ 
pressed, by sinking towards the bottom o^thc 
sea for instance, its temperature will be raised 
by an amount given by Jhe formula 


where T is absolute temperature, J the mechan¬ 
ical equivalent of heat, /> the density, c p the 
specie heat, at constant pressure, and fj the 
pressure ; and if it he decompressed it will be 
correspondingly cooled. In each case it is I 
assumed that no.h«at is gained or lost by con- ! 
duction. If the temperature of a body of 
water increase downwafds at such a rate that 


motion with an increased deviation and a 
diminished velocity so t hat at a certain depth 
the direc|h>u of the current should he reversed. 
V. \V. Hitman 4 has investigated the question 
mathematically, and some of his more import¬ 
ant results are given here. 

Suppose that a steady uniform wind has been 
blowing over the if-hole surface of the ocean so long 
that stationary conditions have been readied. The 
inf,tion of the water may, in the first instance, be 
considered to consist of the gliding of the layers 
one over the other. Let x, y be horizontal, y 
being 90* to the left of r, and let. c he positive 
do* nwards, 

u, r, in- t the velocity components in the directions 
of :r, y, c, 

X, Y, Z —the eomponents of extraneous forces per 
unit mass, 

p —the density of the water, 
p- the ]tressure, 

k -- the virtual frictional resistance, 
t - the lime. 

Then, the water being regarded as incompressible 
and inextensible, the equations of motion are 


a water-particle rising from the bottom will 
reach each depth with the temperature that 
already prevails there the gradient is said to 
be adiabatic, W. Kkniun 1 has calculated 
tables of the adiabatic change. These are 
given on the following page. 

Suppose, for example, that- it is wished to 
determine the cooling which a body of water f 
with an original temperature of 2° and <r n —28 
will undergo if raised to the surface from 
10,000 m. Tjjc mean eooliyg per loop m. from 
10,000 m. to 8000 m. is 0T91 . It will there¬ 
fore lie cooled by approximately 0-4“ between 
these depths, so that at 8000 m. its tempera¬ 
ture will lie I ff' and at 9000 m. I 8 . Using 
the last value as the mean temperature, the 
average cooling per 1000 m. is found to he 
•189', and the temperatury at 8000 m. is I (i22 Q . 
The cooling for^thc other depths is calculated 
in the same way step by step. G. Schott 2 lias 
rearranged Kkman's tables and also drawn 
graphs of of, which are more convenient for 
some purposes and practically as accurate. 

V. IF. Ekman's Theory of Currents 

§ (.30) Tub Wind-drift in an Ideal 
Uniform Boundless Ocean. — Fridtjof Nan¬ 
sen 3 pointed out that a surface current £uc to 
the wind should deviate to the right of the 
latter (in the northern hemisphere), and that 
this surface current, should in turn act like a 
wind on the layer beneath it, and set it in 

’ “ Her adkibatisrhr Temperatiirgradienfc lm 
Mccre,” Ann. <t. Uyitr., 1911, p. 340. 

2 “ Adiabatiscbe Temperaturaiulcriingen in gros*en | 
Meerestiefeii," Ann. d. ilydr., 1914, p. 321. 

3 Loe. cit. 
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Then ru/( x, (ft/cy, rvfrx, cv/< y, < p/cx, cpji y, and w 
are all identically equal (o zero. 

Since no extraneous forces except gravity arc 
taken into account, X and V are the horizontal 
components of the deflecting force due to tiie earth's 
rotation, 

, X -2wr sin 0, 

Y — - '2iou sin 0, 

r 

where (o is angular velocity of the earth and 0 the 
latitude. The two last equations of (1) are therefore 
unnecessary? and the two first become 



ru . k ?; 2 u 

-2’ov Bin 0 t - „ 

(I f)1'Z £ 

( v k ,■*, 

, — — 2wm sin 0 | - , 

<;t r 



* Arkb' for mntemnfik, nxtrmwun <> .fyxik , lid. 2, 
No. II (Stockholm, 1905); alrul Ann.d. Ilydr., 1900, 
pp. 423 et seif. 
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'j'l,,. motion lias been assumed to Ik? stationary, so 
(iiji't and ('»'/< t vanish. If wo write ^ 

//Ha sin <p 4 

f V Ic ’ 


equations (2) take tin*- for^n 


d?u 


I 2u 2 p--0 




ln 2 u= 0. 


(3) 


A . 


,h 2 ' .. dz 

The general solution is ^ 

w^ty^ eos (ns 1 r,) ! cos (a: 

v AY 1: - ( V ; " nz *'* ( rt ~ 1 r a) f 

where (' 2 , t 1 ! and r a are arbitrary constants. « 
To obtain real Results «/> is taken as being 
positive and the results are applicable only 


‘(4) 


to the northern hemisphere. If // be drawn to 
the right of>j* the equations hold for the southern 
hemisphere. 

If the value of c be infinite, or, practically, greater 
than the greatest depth to whieh a wind current can 
penetrate, i.f. a few hundred fathoms, is zero 
and equations (t) become 

it -C.,e~ az cos (az I r 2 ), 
v^-- ~('»c~ az sin (lis t r 3 ). 

DilTercntinting 


du 

dz 


! r - ~ a cos («-: \ C 2 ! 45"). 
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If T, the tangential pressure of the wind, he along the 
positive axis of ;/, (' a and c 2 are determined by 




/i/A 


«T. 


If V 0 lie the absolute velocity of the*water at the 
surface, V 0 -( ' 2 , and 

• tt=V 0 e _a * coa (45°-«3) \ # 

* «=V 0 «" as sin (45° ■ -uz) I 

T T 


0 ka \ 2 \ 2/r/xi>*sin «/> 


(*l 


The direction of 1' is the direction of the yind 
velocity r fin tin' In fin’ watt r. 

• From equations (f>) itt'ollowa that if* the northern 
hemisphere the drift ourreifi at. the surface will he 
directed at 4.V to the right of the wind, and that the 
angle of deflection will increase hy four right angles 
for nn increase of depth #f 2 j r/n, while at the same 
time tlu 1 velocity decreases to V 0 « “ T — 1 /i»3i» of 
the value at the surface. 

Ft If. 8 shows the velocity and direction of the 
current down to the reversal depth for each 



Jj’io. 8. 


tenth of the latter : the longest arrow denotes 
the- surface drift, and T the direction of the 
wind. At great depths the velocity*and there¬ 
fore the friction, are. zero, and consequently the 
whole mass of water moves only under the 
influence of the wind and the earth’s rotation. 
The conditions being stationary, these two 
forces must be equal and opposite, an<% since 
the deflecting force- is at right angles to*the 
direction of motion of the centre of gravity of 
the water, the total momentum of the water 
must be directed at an angle of 90° from the 
wind. 

$ (51) The Reversal Depth and the 
Virtual Frictional Resistance. —It will bo 
seen that Ekman’s theory depends on th& 
conception of a depth l) at which the direction 


of the current is reversed, and to which he 
gave the name “ Depth of Wind Friction.” 
Its valiicjis 

«. D ^ — it v/i/pw sin 0, 

a “ 

t 

and it contains /•, the virtual frictional resist¬ 
ance. Nothing was known as to Ic beyond the 
fact that its etfef-t took the form of eddies and 
w^s far greater than the viscosity or internal 
resistance to regular .notion : in fact the 
substitution of the latter quantity,0 010 (•.(}.8., 
in the equations leads to the absurd result that 
no*wind-drift can penetrate even to the depth 
of one metre. I'] km an was therefore, unable 
to give an absolute meaning to his results and 
was forced to make use of D as his unit of 
depth* Tt is obvious, however, that if the 
reversal depth could he determined the. value 
of k could be calculated. Kriimmel 1 noticed 
that on many occasions in the Atlantic equa¬ 
torial current plankton nets lowered from the 
ship, drifting freely with the surface current, 
appeared to be dragged sideways as soon as 
they reached a depth of 120 to 150 metres, as 
if the current here were nil or in another 
direction. If this is assumed to be* the reversal 
depth k can he determined. One instance 
which he quotes, in which in 45° N. lat. the. 
reversal depth appeared to be at 150 metres, 
leads to a value for k <>f 295 in 10’ N. lat. and 
257 in (i0° N. lat. Eknian assumed that k varied 
as the velocity, but he showed at the same time 
yiat t he equations led to nearly the same results 
if the relation was treated as a quadratic one. 

The calculations above were made for water 
of uniform density, apart from compression. 
In the sea, however, the surface waters are 
generally divided into layers of markedly 
different density, especially near coasts and in 
the open tropical seas, where the surface is 
strongly heated. Ekman investigated this 
point experimentally and found that layering 
led to a decrease of friction. It follows, there¬ 
fore, that I) will have less than the normal 
value in such regions. 

Our knowledge of the nature of the frictional 
resistance in the sea has been considerably 
advanced by the researches of (1. I. Taylor 2 
into eddy-motion in the atmosphere. Accord¬ 
ing to hjp theory momentum, and also heat, 
are transmitted from one layer of air to an¬ 
other by great eddies with horizontal axes. 
He calculated the coefficient of eddy diffusivity 
for various conditions from observations of tho 
wind and temperature at different, heights and 
found that it varied between 5000 and 100,000 
cm.*/aec. 11. .Jeffreys* has applied Taylor's 

« 

1 Ozeanayrayh 1011 <*<l., ii. 401. Kriimmel has 
made an error in the position of the. dcclfiul point, 
jmd gives 20 5 and 28-7 as the value of k. 

2 Phil. Trans. A, 215, 1014, n. 1; see also article 
“ Atmosphere, Physics of the,” *§ (ill) and (14). 

3 Phil. Mag. xxxlx. 578. 
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method to the sea. He took the mean winds 
and currents from charts and obtained values 
for the coefficient varying from 4 cm. 2 /scc. in 
40° N., 00° \V\, to 4(H) cm. 8 /sec. in t0° N., 
40° \V. The wideness of the range is probably 
due to differences between the disturbance of 
the surface at various places, and it follows that 
in order to arrive at a value appropriate to 
any given place and season far- more detailed 
observations are necessary. Another weak 
ness of the method lies in the fact that, a.j 
Ekman lias pointed out, a pure wind-drift 
probably does not occur in nature ; the current 
lias to meet the resistance of other bodies qf 
water in another state of motion or possibly 
at rest, so that the conditions are similar to 
those obtaining in the neighbourhood of a, 
coast when*, the pressure gradient and the 
resulting current must he taken into considera¬ 
tion. It is interesting that KriimiraTs figure 
is about 70 per cent of that calculated by 
Jeffreys for the same region. 

H r> “) Wl ND-DIM FT IN AN OCEAN OF UNI¬ 
FORM Limited Depth <1. —(i.) ]f d is finite hut 
large in comparison with D, the equations for 



at each tenth of the total depth of the water, 
not of the reversal depth. 

If d/1) is small, say (M, the current Hows 
very nearly in the direction of the wind at all 
depths ; as its value increases the deviation 
.becomes greater, and when it is equal to 1*25 
the curve differs from that for infinitely deep 
v^ater only near the bottom ; the dotted line 
show's the curve for the latter case. 

§ (f>3) Currents due to a Pressure 
Gradient. —L: flic surface of the sea be in¬ 
cline! to the horiy. intal for any reason, such 
as the piling up against the land of a wind-drift 
originating in another place, a pressure gradient 
will arise, will h can give rise to a current. 
Let x and u he laid on the sea surface and let 
the inclination be y in such a direction that 

X - 0 ; Y ~ " sin y, 

where <j is the acceleration of gravity. 


The equations for steady motion differ from (3) 
only by a gravity term 


f/ B W 

r// 


2a~r -0 ; 


d' 2 v 

dz 1 


(<>) 


The solutions arc 


It^Cp’^cosfuJH Cj) | fV'^’CORfu: ! r„) 
v— (nz 4 Cj) —C 2 '‘ n; sin («■/; 4 e a ) 


. f‘!!*iny) 

‘ 2 >,.H- | (~) 


Since there is supposed to lie no wind on the surface, 


(hi. dr 

$ ,/v ■' - 0f,,r 

whence 

, !(': c. - -r., <•, 

1 1 - i, 

where (' and r are new ail.itrary constants. 

Substituting fi w sin1/> for «“£•. equations (7) heroine 


v --('[cosh a: cos uz eo« c — sinh nz sin nz .--in r | ^ 

. , f/riny 

i . \ (8) 

Jw sm ■ 

n=n«oHh nz ros sin r Vsinh nr. sin nr cos cj I 

i i 

Al the bottom, where :•-</, ?/ —r-0, and eonse- 
quenUy 

. a sin y sinh ad sin ml 
(: sin 

»u> sm </) cosh '2nd I cos 2nd 


the case of infinite depth still hold practically 
unaltered. 

(ii.) If the depth of the,water is ajjput equal 
to or loss than I) the eondi- # 
tions are completely altered. _ 0 *’ n X . 008 
• The results of Ekman’s sin </> 

invest igations are shovel g s j n y sin' 

graphically in Fig. 0; (ha ' . 

current arrows are omitted 
for the sake M dearness and are. to he imagined 
drawn from 0 to each of the points on the 
curves, and in this ease show the conditions 


,, g sin y cosh ml cos ad 

('roar- - . . 

w sin i(> cosh 2nd '■ cos 2nd 

lM|uati(^js (8) then take the form 

a(d 1 - 2 ) cos a(d -- 2 ) f cosh cos n(d. \ z) g sin y 

cosh 2nd f cos 2nd 1 2w sin <p 

a(d I z) sin n(d -z) i sinh a(d - 2 ) sin n(d 4 z) 
cosh 2nd | cos 2nd 

Fig. 10 gives the velocities and directions of 
The^radient current for eases where the depth 
is less than I) or only a little greater. The 
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points on the curve are drawn for each tenth 
of the total depth, and arrows are to he 
imagined drawn from 0 to each of them. The 



Fig. io. 


outei most point on ?.ieh is at the surface. 
'The deviation, at any depth, from <)Y, the 
# direction of the pressure gradient, increases 
with increasing dejfih of the water. If d is 
greater than I). the current consists of a bottom 
current of thickness I)-with a component in 
tin' direction of OY, and above* this up to the 
surface a current perpendicular to the gradient 
with almost uniform velocity. 


The bottom acts as a wind on the currenl and 
causes a deviation to its hft. In the above 
investigation it has been assumed that the 
water is everywhere of the same, density. 
Ekman has also discussed tin* ease of a sea of 
density increasing downwards at a uniform 
rate. If the sea consists of superimposed 
layers of dilferent density which are uniform* 
within themselves the conditions become too 
complicated for useful treatment. 

§ (ot) Tnf. Kitkct ok fin-: Coast on Wind- 
drifts. — The ideal ease lirst treated probably 
never occurs in nature ; lf/e flow of the wind- 
drift. is in general alTeetcd by the resistance of 
continents or of other bodies of water not in 
motion. The stationary condition will include 
a pressure gradient, due to the piling up of the 
water, of such a magnitude that the resulting 
current away Vrofa the obstacle balances the 
flow towards it. In the following the water is 
assumed to be of uniform density. 

Let a steady uniform wind blow everywhere 
outside a straight infinitely long coast, the sea 
being of uniform depth. The current will then 
be the. same at all places at the same distance 
from the coast, so that no gradient can arise 
in a direction parallel to the latte^ ; but a 
gradient will be formed in a direction .•«, right 
angles to the coast until inflow and outflow 
arc equal. Ekman does not give the details 
of the investigation, and expresses its results 
in curves; a few of which, for the case of a 
wind parallel to the coast, are reproduced in j 
Fig. 11. j 

The current arrows are to be imaghietf 
drawn from the origin, denoted by a circle, to 


each point on the curve, which represent, as 
before, tenths of the total depth. 

The potion depends on the ratio d/X> and the 
angle between the. wind and the coast. 

• If the depth he great, there will ho three 
distinct currents: (1) a bottom current of 
thickness D, flowing with a component in the 
direction of the gradient, with a deflection 
from it of 45‘i at the bottom and 00° at its 
upper boundary ; (2) a mid-water current of 
almost uniform velocity, reaching from the 
bottom current to a depth D below the 
surface and flowing parallel to the coast. ; (!!) 
»,n upper current, the velocity of which is 
that of a wind-drift superimposed on the 
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mill-water current. If the depth is less than 
21) tin* mhl - water current is a)went, and 
ihe surface and bottom currents lose their 
characteristic form. It will be seen that in the 
neighbourhood of a coast a wind can produce 
a current down to the bottom, while in the 
absence of the coast the. w ind drift is of limited 
depth. The bulk of the current is parallel to 
the. coast and its velocity is proportional to 
the wind component in this direction. The 
S direction of the wind and the side of the coast, 
right or left, on which it lies is of considerable 
importance, except when tin depth is much less 
than the rcvf-rsal depth, in which ease the 
earth’s rotation has little effect. 

§ (do) Tp k Wind- out ft in an Encloskd 
Ska. —Ek man’s investigations of this problem 
are of*considerable interest, since many of the 
effects of the wind can be accurately measured. 
When tlu^wind begins to blow the surface drift 
is at first deflec^-d to the right until the piling 
up on that side gives rise to a mid-water current 
which carries the water to the part of the coast * 
directly in the path » f the wind. The gradient 
'corresponding to the final conditions is almost 
directly opposite to the wind, with a very slight 
deflection to the right of the latter*; it follows, 

| therefore, that in an enclosed sea the effect of 
i the earth’s rotation is very small. Golding's 
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(§ (38)) observations on 1-lie great .storm in the j 
Baltic in 1872 confirm Ekman's deductions, 
and the latter has used them to calculate the ; 
relation between the velocity of the wmd and 
its tangential pressure. By means of tly.* 
fundamental equations the ll«»vv in the <1 ii’ec?- 
tions a and r can he calculated for currents due 
to wind and to a gradient. When statiomry 
conditions have been reached Jho total flow 
in any direction must he nil, since otherwise j 
the level of the water would 1 m changing, antP 
at the same, time the effect of the earth's 
rotation may he neglected in an enclosed sen.. ( 
Then hy equation (“>), which gives the relating 
between tin; surface velocity and the. tangential 
pressure, Kknmii deduces the formula 


sin 7 


:t T 
- /«'** 


w here 7 is (he inclination of the surface to the 
horizon, and from this the value 

T 0<)000l);52i/’ 2 , 
as explained in § (38). 

§ (ot») Moiin’s Tiihokv. II. Alohn 1 in his ! 
investigations in the Norwegian Sea neglected 
the effect of the earth's rotation on wind-drifts 
hut. look it into account when discussing : 
gradient currents; he also considered that 
friction was negligible. He therefore arrived 
at. the conclusion that drift currents should 1 
follow' the direction of the wind, while those 
due to an inclination of the surface should he 
deflected through one right angle from the 
direction of the gradient at all depths. 10 k- 
man's theory, on the other hand, attaches great 
importance to the frictional resistance and 
leads to a deflection of 110 ‘ for a gradient 
current only in the ease of the upper layers of 
a deep sea ; in the deeper strata and at. all 
depths in a shallow sea the friction of the 
bottom acts like a wind and diminishes the 
angle. 

On (he above assumptions Mobil developed 
a method of calculating the velocity and 
direction of currents from observation of the 
distribution of density which has been much 
used in the past, often with considerable 
modiliral ions. Consider the ease of a sea, 
which, in the first- instance, may b* taken as 
enclosed, into which fresh wafer is discharged : 
by rivers ; t he Black Sea. may serve as an ; 
example. The fresher water near the shore 
will stand at a higher level and wiPtnmkc its 
wav more, or less directly towmrds the centre. 
The heavier water hen' will sink and How along 
* the bottom towards the shore, where it will 
tend to rise again. Thor# will therefore be a 
layer of no motion between the two horizontal* 
currents, to which Mplm gave •the name 

1 *■ la-nsitv,Temperature and Currents," Koro'iyum 
\<>rth At In id ic Expedition, is;n /s;\v (< firisfiania. 
1K87). 


tk houndaiV surface," and which will m general 
he marked by a. sudden change in the salinity 
and temperature. Having fixed the depth of 
this layer hy suitable means, the mf'an density 
is determined in as many vertical eohwnns as 
1 possible between it and the surface, and Hie 
corresponding -pressure is calculated. The 
J 4 ’essure of an arbitrary standard column is • 
then calculated, either hy taking the meat) of 
all the columns, or by selecting the one where 
the pressure is greatest. Since now the surface 
; s everywhere undt*r equal pressure, if baro¬ 
metric differences be neglected, it follows that, 
at piaces where the pressure of the column is 
less than corresponds to tliS standard, the level 
of the sea must bo sliglTtly higher than \Yhere 
it is greater. The surface can therefore he 
mapped out by contour lines to giv what* 
Moim called the " densif f surface." Accord¬ 
ing to his theory the cTrent will he everywhere 
deflected at right angles from the gradient, and 
the velocity will he ® 

11 tan i 

r- - 

2w sm </• • 

where //is gravity, i the angle of the gradient, 
and <p the latitude. * 

'Jo the velocity thus observed Mohn added 
that cafculated from the direction and force 
of the wind by the formula given in § ( 10 ), the 
winds being taken from iso baric charts. 

§ (.77) (•’At.cTLATIOM OF CfKUKNT VKLOHTY 
by Bjkickxks’h Method. 2 - This depends on 
the acceleration of the particles in a closed 
^ciirve which is hound to the particles through 
w hich it originally passed. 

Oil tli<- analogy of Lord Kelvin s expression for 
the ulttiuhiti*circulation in a curve, neglecting rotation 
of the earth and friction, 

i.(1) 

where r T is the tangential component of velocity 
and i/.s is a small elcineni of the curve. Bjerknes 
investigated C r . the circulation relative to the carlJi, 
and found 

, 2ceK.(->) 

• • 

where S is the area of the curve projected on the 
equatorial plane and w is the angular velocity 
of mtation of the earth. Be then calculated the 
aeeeleration of 4 he circulation, 3 due to the various 
forces acting on the particles, 

(/(V 


di 




. m 


- " tU»c> eineu hydrodynamisehc!) l'nnda- 
meiitalAtz,” Kot>til- NV. 17. Aknd. Ilnndlinffnr, xxxi. 
No. 1 (Stockholm. I HUS); ” (irkulatifm relativ zu 
der Knlc.” (h'Jri'rsifi nf Kill. let. Aknd. llnnd. ■ 
No. JO, mot; llelland - Hansen and Snndstruin, 

“ tjljer die Bcreclmung ton Mccrcsstrimnuigen,” 
lii‘l>. Xornfif/uiii Kisheru Ineeslii/., 1 00 .'i, ii. No. -J, 
translated in Report on Risfari/ and lli/dnwnphieal 
In rest ii/nl ions in .V. ,s ra, Sort hern Arm, 1 
S.O., 1*105, cd. 2(512. 

• * i’or a proof of this equation see Lord Kelvin’s 
paper on “ Vortex Motion,” Phil. Trans. Jt.S., Kdiu., 
]S(5U, \xv. 217, § :>d ; also Cu/freted Works, iv. -it*. 

% Y 
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when? the integration is taken round‘the whole 
curve and a T is the sum of the tangential components 
of the accelerations due to gravity, density pressure, 
rotation, and friction, so that 

o T -<j T \-P t -rrf T d/ r , • • . ■ t-t) 

and f,j r <ls !//),(/« • , , (.') 


Now Binoe the work done by gravity in moving 
a particle completely round the cu.ve is nil, then 
Jtfjdtt is zero and gravity is without eth'et. 

p T is due to pressure, and is proportional to dp/dx, 
and inversely proportional to the density p. 


i 




p ds 


• ( 0 ) 


>or, using specific volumes instead of density, 


P T * 


dp 

di 


■ o 


i 

The negative sign shows that it acts in the direction 
of falling pressure. 

fdjd*. the elfeet of rotation, is found from the 
relation given above. 


. ( 2 ) 


Differentiating to get accelerations, 
</(’„ dV r i 0 rfS 
fit fit '' ■“ ,n ■ 


■ ( 8 ) 


Now, since in the case of absolute movement the 
effect of rotation is nil, 

'jf •///" !/M-« t//A • •(!>); 


and from (•>) and (9) 


d(' a 

dt 


■ i( ' r ~fd T ds, 
dt J 7 


and from this and (8) 


fW*- 


-2w 


d S 
dt' 


■ (10) 


. (11) 


ffrds, due to friction, can only be calculated from 
(o) when all the rest is known. It can be designated 
by -K, negative because it opposes the circulation. 
Finally we have 


d(' r 

dt 


- f vdp 


•> 

" W dt 


K. 


• ( 12 ) 


Since C r =fv 1 d*, it is of the dimensions Pit, and 
(d(' r :‘dt) =-• (P/l 2 ). If C.G.S. units arc used, it is 
expressed in cm. 2 ,sec. 2 

Sandatrom and Holland - Hanseifr Remark, 
“ the first element at the right-hand side of (12) 
is of special importance because it contains the 
primary cause of the movements in the sea and 
in the atmosphere.” The present writer does 
not agree with this, unless it is to he understood 
as acting on the sea in part by setting up 
winds, which does not appear to he tlicit- 
meaning. This is, however, no obstacle to the 


use of the method for the calculation of 
velocities due to a density gradient. 

The investigation depends on the accuracy 
with wnioh the specific volume v can be deter¬ 
mined. Now at the greater depths there is 
always some uncertainty as to the >xaet level 
at which a sample is taken, owing to the stray 
on the wire, and in addition slight errors will 
occur in the sabnity and temperature. We can¬ 
not therefore expect absolute accuracy in the 
specific volume in (he fifth figure. This being 
the case, we may consider the pressure as in¬ 
creasing directly as the depth, at tin* rate of 1 
decibar or 10 5 dyncs/cm. 2 per metre, and lines 
representing equal pressures will be evenly 
spaced and horizontal, as in the section, Fit). 12. 



l-'iu. 12 . 

On the other hand, line's of equal specific volume 
will, as a rule, he curved and unevenly spaced. 
The figure is a section through an ideal current 
running southwards in the northern hemi¬ 
sphere, with the land on its right, and lighter 
water near the surface ; the East ( Iroenland 
and Labrador currents are examples. The 
arrangement of the isosteres shows that the 
water in a vertical column at K is lighter than 
at L, and we should expect the water at K to 
rise and flow along the surface to L, and the 
water at tin* latter place to sink, so as to make 
the isosteres horizontal. As a matter of fact 
this docs not occur ; the conditions may bo 
unchanged of stationary for a considerable 
time. The. water is accelerated to the right by 
an amount which, for unit mass, depends on its 
velocity. We must, therefore assume that the 
surface velocity is sufficiently greater than that 
in the depth to counterbalance the greater 
acceleration of the latter due to its density, 
and we k-eow qualitatively that such conditions 
ar» common. 

The lines of equal pressures and specific 
volume, cut one. another to form a mesh-work ; 
if we imagine the lines extended to surfaces we 
obtain a series of tubes, to which Bjerknes has 
given the ixnme “ solenoids.” 

The quantitative value of one mesh in the section 
is obtained thus. The isosteres are drawn for 




OCEANOGRAPHY 4 PHYSICAL 


fifll 


differences of 0*0001 of volume, while specific 
volumes are observed to one-tenth of this. 

Then, if /'j ami ;* 0 are the volumes for two 'idjaoent 
lines. * 


v. -t’n—0*0001 


and if the pressure lines are drawn for l()-metre 
intervals, corresponding to 1 bar or lOMyivs/em. 2 , 


then 


Pi Po 10* 


-fnlp -=000(11 •; |t)« |,M) 


and the number of solenoids in a closed curve is 
100 times the number of meshes. 

If the number of solenoids is A, then the accelera¬ 
tion of the circulation is 


* 1 : A 

f It * ~ 


It. 




P» K V 1'0 ' I, 


The pressure // increases by lO 5 units per metre ; 
it is Convenient to express it in units of 10 5 ('.(i.,S. 
and specific volumes in 10 6 (J.S. The required 
quantity A is then in C.(!.S. units. 

The specific volume is observed to five figures, 
but since we are dealing with differences only, it is 
convenient to reduce them to more manageable 
figures by subtracting a constant quantity which 
is most suitably the value which would be found 
in a sea. consisting of water of 35 (l , (10 at 0° 
Holland-Hansen and Saiidstrom 1 have published 
tables by which this may lie done easily, but they 
depend on Tail's values for the compressibility and 
are therefore slightly inaccurate. Bjerknes “ gives 
improved tables, and Hessclherg gnd Sverdrup 3 
a modification of the latter which cover a more 
limited range. . 

The tables give us v—v ... ))0 . We ntAt calculate 
(»>'-P; J5i( ,f>)( 7 V-;) 0 ) by taking the mean value of 
(’■ (yd for each layer of water and multiplying 

it by the thickness of the layer in metres. This 
gives us the number of solenoids in each htyer at the 
place of observation, and the sum*of these from the 
surface to any depth the number in the column of 
this depth. The same process is repeated for 
another vertical column of tHe same height, in the 

t 

' Lor. rit. 

3 I)//noinir Jlrlroroloijn awl Ifi/ilmt/m/mi/, Carnegie 
Institute. 

3 “ Heltrag zur Ifereehnung der Druck- uiul 
Massenverteilung irn Meere,” liergens Museums 
Aarbok , 1911-11)15, No. 11. 


current, 'flic difTcrcnec of these two sums will 
give A. 

New* since the vertical circulation in a current is 
actually very small, we may neglect it* and friction 
must necessarily he left oiil, because we kn<*w nearly 
^nothing as to itS value. Tla'ii 

. dS 

. A 

* • 

S ii the projection of the curve on tin* equatorial 
obne. It is easy to see that if S' is the projection 
on the sea surface ^ 

(IS dS' 

2u .--2u) - sin 0, 

• dt dt 1 

when* <p is latitiftle. • 

• 

In Fig. 1 d let ahdr be n section through a 
current, moving in the direction of the ;.rrow, 
and let the velocity at t.he # surface be \ , and V /# 
at the level rd. 'I’hcn after unit time ab will 


A can obviously be determined graphically, but 
the arithmetical process is much quicker and more 
accurate, bet the closed curve be bounded by the 
two vertical lines Jv and L, and by the two hori¬ 
zontal lines at the surface and at some given depth. 
Then since the pressure is the same throughout a 
horizontal line (differences of atmospheric pressure 
arc neglected), we need consider only the two vertical 
.columns. The quantity required is the difference 
of the number of solenoids in the two columns. 



•have moved to AH, hut rd only as far as r'd'. 
Then Au'b'B is the increase of the projection of 
the curvey>n the surface. If S' is the projec¬ 
tion of the curve oil the surfaeff and L the 
distance between a and b in cm*, then 


and 


A -2u^ - 2io sin </>(V - V')L, 


so that if we know the specific volumes and 
pressures in the two columns or and bd , and 
the distance L between them, we can calculate 
the difference yf velocity between the levels ab 
and rd at right, angles to the section. It often 
happens that, the lowest level may he taken so 
(loop t hat, we can neglect its velocity, in which 
ease we have the absolute velocity in the upper 

layers. ( * 

If tfte velocity increased downwards the 
tendency would be to drive the surface water 
to the left in the northern hemisphere. 

In the ease where one current flows over 
another of different origin, the surface of 
separation between them is at rest, hut the 
densities may he so arranged that it is difficult 
to determine the position of this surface. The 
biological conditions will often give great help. 






ONE METRE COMPARATOR—PETROL MEASURING PUMPS 


Bjerknes's method has been largely used, chiefly 
as a result of the International Fishery Investi¬ 
gations, and has proved of great value. Ob¬ 
servations 'made in the Labrador current by 
the lee' Patrol showed almost complete agree¬ 
ment between the observed and calculated!.- 
velocities. 

• §(58) Knudsen’s Theorem. — The frosrU 

wafer from a river flows out as a surface layer 
of low salinity, beneath which there is a current 
of sailer water in the opposite direction. 
Martin Knudsen 1 has show'll that the volumes 
of water transported ui unit time by each 
layer can be expressed in terms of their 
salinity and the rate of discharge of the fresh 
water. 

A and B (Fig. 14) ;jre two vertical sections 

''across the mouth of a river; i and i aie the 
volumes of water flowing out through them in 
unit time, u and u' the. volumes flowing up 


A 

B 

ifs) 

c| fs') 


~ ■ ntl, 



Fit*. 1J. 


stream, and *. z, z f their mean salinities. 
The volume discharged at B is obviously the 
sum of the discharge- at A and the volume 
picked up by the surface current from the 
undercurrent betw een A and 15. 

i f -i u' - n, 

i - V — u - ( 

whence # 

i' -i " • '/ * 11 ‘ > ' u ' = i \ / 

If A is so fig up stream that the water is 
entirely fresh at all depths, s, 11 , anil : an- zi‘i", 
and 

z' , . 

i' - i ■ z , s >. » 1 - ,/ . ./• . 


1 Jan. d. JIfidw , 1000. 1>. 31«. 


Parallel Rules. Sec “ Draughting Devices,” 

j). 274. 

Para nth elia. Sec “Meteorological Optics, 

§ (22) (iii.). 

Para nthelic Arcs. See “ Meteoro^>gical Op- 
tics," § (22) (iv.). 

Parheuc Ciiwi.b nil Mock Spn Kino. See 
“ Meteorological Optics,” § (22). 

Parheuc Sun Pillar. See “ Meteorological 
Optics,” § (2t)) (vii.). See also “ Mock Sun.” 

Parhelion of 22°. Sett “ Meteorological 
Optics,” § (20) (ii.). 
of 44°. See ibid. § (20) (viii.). 


Knudsen has applied his theorem to the 
Baltic as a whole, making A coincident with 
the coast line so as to cut through all river 
mouths. Then s is zero, and i is the sum of 
the discharge from the rivers and precipita¬ 
tion less evaporation on the surface of the 
sea. 

,1. Gehrke 2 has shown that the method may 
be usefully upf lied in investigating the currents 
of the open sea where they run more or less 
parallel to coasts as, for instance, the branch 
of the European stream which flow's mirth- 
wards and eastwards on the west side of the 
British Isles. n. j. m. 


One Metre Comparator, atN.P.L. (typical): 
description, sources of error, setting up and 
manipulation, computation of results. See. 
“ Comparators," § (I). 

Optical Projection Apparatus : with a 
large field of view. 

Compound projection lenses for testing 
profile gauges. See “ (bulges,” § (t»7). 

For screw gauge testing, first type. See 
ibid. § (04). 

For testing gauges. See ibid. Section IV. 
$ (A4), etc. 

For testing screw' gauges. See ibid. § (.50). 
Standard horizontal machine for testing 
profile gauges. See ibid. § (bS). 

Vertical type. See ibid. § ((>(>). 

Vertical type projector for testing screw 
gauges. See ibid. § ((»!>)• 

“ Wilson " projection com pa rat or for testing 
screw gauges. See ibid. § (70). 

Oscillation, The Arc of. See “ Clocks and 
Time-keeping,” § (10). 

Oscillograph. See “ (i;ilvaiioinetor. Lint- 
bo ven, Adaptation of,” Vol. 11.; “Clocks 
and Time-keeping," § (15). 

- l'nh. ib’ ('ire. Mo. 40. 


Pascal’s Calculating Machine. See “ Cal¬ 
culating? Machines,” § (1) (iii.). 

Pen ifi'i.u.M : 

Const ruction of, and compensation. See 
“ Clocks and Tipie-keeping,” § (.*5). 

Double] See ibid. § (17). 

Effect of the air on. See ibid. § (<>). 

Free, period of. Sec ibid. § (4). 

Its function with r regard to escapement and 
maintenance. See ibid. § (7). 
Measurement of gravity by the. See 
“Gravity Survey,” § (2) (i.).i 
Petrol Measuring Pjtmps. See “Meters,” 
§ (28). 





PILOT BALLOON—PRESSURE, ATMOSPHERIC 


603 


Pilot Balloon. A small rubber balloon 
used for measuring upper winds. The tv|x; 
of balloon commonly used measures from 
18 to 30 inches in diameter when fully 
inflated. The balloons are filled with j 
hydrogen, and released, their subsequent 
motion being followed with one or two 
theodolites. When one theodolite is used, 
it is necessary to assume that the balloon 
rises at a uniform rate. This is substantially 
true on the average, hut leads to crnmcoul 
results if the balloon gets into an ascending or 
descending current of air. The rate tf ascent 
of the balloon in feet per minute is given 
by V -276(lJ/(\V t- L)*'), where \V is the 
weight, of the balloon in grams, and L the i 
numhcr of grams it can lift when inflated. 
For a given value of W it is easy to conkpute 
the necessary lift so that V shall take any 
convenient value, such as bOO ft./fhin. 

The computation of the winds at different 
heights is most expeditiously done by 
means of a slide-rule. Headings of azimuth 
(A) and elevation (K) of the balloon are 
taken at intervals of one minute. The 
height in feet of the balloon is /V, where t 
is the time in minutes since the balloon 
was released. The horizontal distance of 
the balloon is h cot Iv Its components 
along lines drawn Past and North from the 
point of release arc : 

h cot F sin A. and h cot F cos A. 

These components are computed for each J 
pair of observations of P anil A, and then 
differences for consecutive minutes give the 
components of drift of the balloon during 
the interval. The average wind through 
the layer traversed by the balloon during 
the interval is the resultant of the component 
differences so derived. 

If two theodolites at the ends of a 
measured base can be used, no assumption 
need be made as to the rate of ascent of 
the balloon, and the path of the balloon 
can be traced completely. The calculation 
of the winds at different heights is slightly 
more complex than for one “theodolite, but 
the results arc more reliable. 

Full details of methods o& computing 
pilot balloon results will be found in the 
Com pula''s Handbook (Meteorological Office) 
Section 11., Sub-section I. 

Pipettes. See “ Volume, Measurements of," 

§( 17 ). 

Pipettes, Graduated. See “ Volume, 
Measurements of," § ( 49 ). 

Pitch (of Screw Thread): definition. S&> 

“ Metrology,” VII. § (23) (i.). 1 

Platform Machines. See “Weighing * 
Machines,” § (5). 


«- » 

Platinum - iridium Alloy (10 per cent 
iridium), used for making the International 
Prototype Kilogramme See “ Balanees,” 

§ («). ’ 

“•Play ” of«Scrkw Threads: riefinftinn of. 
See “Metrology,” VII. § (2b) (ii.). 

Ulumh-i.ine. Deflection of the. See, 
“Gravity Survey,” § (11). * • 

1 , oi.Ait Front: a surface of discontinuity 
between polar* and equatorial air. See 
“Atmosphere, Physics of,” § (21). 

• 

Polarisation of Liout in the Atmosphere : 
From a ktlidscapc. flee “ .Meteorological 
Optics,” $ (1:,) (ii}. 

From the sl-y. See ibid. § (13) (i.). 

Potential Gradient i* the Atmosphere? 
See “ Atmospheric Plectrieity,” §$ (8).(9). 

Potential Temperature : definition of. The 
temperature which any mass of air wfmld 
have if brought adiabatically (i.c. without 
any gain or loss of heat) to some standard 
pressure. See “ Atmosphere, Physics of," 
§§*(•!)« (b) (ii-). ttec also “ Atmosphere, 
Thermodynamics of," Jj (it). 
fomentation of. See “Atmosphere, 
Thermodynamics of the,” §§ (2), (Ii). 
Belation of, to entropy. Sec* ibid. (6), 

(19* 

Precipitation- Rain and Snow: 
forecast ing of. See “ Atmospheres, Phvsics 
of." * (20). 

instruments for measuring. See “ Meteoro¬ 
logical Instruments," III. $ (10). cte. 

• 

Prediction of Tides. See “Tides and 
Tide-prediction,4’ § (b). 

Pressi re, Atmospheric : 

Changes of. See “Atmosphere, Phvsics 

nf.” § (1>0). 

Determination of height from. See ibid. 

* *<•>• * . . 

Distribution of: 

At 8000 metres. See “Atmosphere, 
Thermodynamics of the,” §§ (8). (9), 
and bitj. 11. 

In cyclones and anticyclones. See ibid. 

$ (b), Table 111. 

In the upper air. See ibid. § 8. See also 
“Air, Investigation of the Upper,” 

, s (ii). 

Over the globe. See “ Atmosphere, 
Thermodynamics of,” § (3) and Fir/. 7. 
Equivalents of inches, millibars, and milli¬ 
metres. See ibid. Fir/. 7. 

In millibars, connection of, with tempera¬ 
ture and density, tabulated. See 
• “ Barometers and Manometers,” § (17), 

Table IX. 
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PRESSURE, MEASURE OF—PROBABLE ERROR 


Method of measuring. See “ Atmosphere, 
Physics of.” § (1). 

Reduction of, to datum level. See “ Baro¬ 
meters and Manometers,” $ ((>) (iv.). 
Relatim of, to temperature and entropy. 
See ” Atmosphere, Thermodynamics of 
the,” $ (19), (22), (23), Fig. lti, and 
Table VI. 

Rriaiion of, to temperature and height. 
See ibid. § (S). 

Relation of, to temperature°iu dry and 
moist air. See ibid. ft (IS) H scq 
Relation of wind to. See ibid. § (S). ^ 

Semi-diurnal wave. See “Atmosphere, 
Physics of,” ft (17). 

Tv|Vs of distribution. See ibid. 4} (18). 

Unit of, See “ Atmosphere, Thermo- 
, dynamics of the,” § (2). 

Value of. for lowt'st 8 km. layer of the 
atmosphere. See ibid. § (8), F-g. 12. 
Variation with height. Sec “ Atmosphere, 
Physics of,” (2)-(3). 

See also “ Cyclone and Anticyclone.” 

Presstue, MiAsruE or. (i.) Unit *.— Pres¬ 
sure is the force per unit area which any 
liquid or gas exerts oil the surface in contact 
with it. The unit of pressure is that 
produced by unit force acting on unit area, 
and on the C.G.S. system is a force of 1 dyne 
per square centimetre, on the British 
system a force of 1 pounda! per square foot. 
Units depending 011 the value of g , such ns 
1 gramme weight per square centimetre or 
1 lb. weight per square foot, are also in 
common use. 

(ii.) Barometric Pressure. Bar and Milli¬ 
bar. —After the introduction of too baro¬ 
meter, pressure came to be measured as the 
length of a column of fluid, usually mercury 
(see " Atmosphere, Physics of.” § (1)); and 
this length was subsequently corrected for 
variations in the value of g and of tempera¬ 
ture. The relation between the “ mercury- 
inch ” and the “ mercury-millimetre ” and 
the value of' pressure in units of force is 
obtained from the equation 

Ipg - pressure in dynes per square centimetre, 

where I is the length of the column in 
centimetres, p is the density of mercury in 
grammes per cubic centimetre, g is the 
acceleration of gravity in em./s. 2 . 

More recently the practice has v become 
established of measuring the pressure « f the 
atmosphere in units of force, and for this 
purpose the millibar which is equivalent to a 
pressure of 1000 dynes f>cr square centimetre 
has come into use in the. British Isles (see 
“ Millibar ”). The normal atmospheric pres¬ 
sure at sea-level is 1013-2 millibars, which 
differs little from 1 bar. In the United 
States the “ bar ” is taken as equivalent 


to 1 dyne per square centimetre, and the 
pressure of the atmosphere is measured in 
kilobits, which are equivalent to the English 
millibars. 

, (iii.) Equivalents .— 

('.(!.> S'. 

1 dyne per sq. cm. — l microbar (1 bar U.S.A.) 
ft — 1 -15 10~ B Iha./sq. in. 

•-24)5300 •: 10"®mercury-inches 
l — 7-50070 . 10" 4 mercury-milli¬ 

metres, 

1 millibar . . =-1000 dynes }>or square centi¬ 

metre 

/• -1 kilohar (US. A.), 

1 centibar . . —10 millibars. 

British Units. 

Mercury-inches . — 1 inch of mercury at 32° R 
in latitude 45° 

, t-r 33-8632 mb., 

Mereurj’-millimetre — 1 nun. at 0° in latitude 15" 
- I-333200 mb., 

700 mm. . . 1013-231 mb. 

1000 mb. - 14 400 lb., in. 2 \ . . 

_ „, ' r , , ui London. 

= 2087-424 lb./ft. 2 j 

1 lb. sq. in. 08.071 dynea/om. - -’ — 70-31 gm./cni. 2 , 

1 tun,sq. in. — 1-515 1 0 8 dynes, cm. ? 1-575 

kgin./rnm. \ 

Russian Half-lines (normal at 02° Id). 

1 half-line -1 08801 mb. ^-0408 in., 
000 half-lines ----1012-804 mb. 

The standard “atmosphere” is equivalent to 
TOO mm. mercury at O’ ('., lut. 45', and sea-level 
=-750-4 mm. mercury at 0 ° C. in London 
= -1 0132 • I0 6 dynes |***r cm. 2 
—14-7 lbs. per sq. in. 

-04)4 ton per sq. ft. 

See Vol. I. “ Measurement, Units of.” 

Pressure, Units of Measurement of: the 
mercury unit. Sec “ Barometers and Mano¬ 
meters,” § (2) (i.). 

PRESS l ! KE-ORADIENT : 

Anticyrlonie. See “ Atmosphere, Physics 
of,” § (I b). 

Effect on wind. See ibid. §§ (9), (10). 
Proha bilitv : the fraction whose numerator 
is the number of combinations producing an 
error, which is included wit-bin given limits, 
and w'ho.st 1 denominator is the total number 
of possible combinations. See “ Observa¬ 
tions, The Combination of,” § (3). 
Probable, Error: a numerical quantity 
wPhout sign, such that when the positive 
sign is attached to it the number of positive 
errors larger than that value is about as 
great as the number of positive errors 
smaller than that value ; and that, when 
the negatjve sign is attached to it, the 
same remark applies to the negative errors. 
See’ “ Observations, The Combination of,” 
§(»)• 
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i’KitflK'TlOK ; 

Airy a, by balance ijf rrrois. See ** Map 
l'lnjection*/' § (8) (i.), . 

Bonne’#, or Projection du Di’*|hjV Ur In 

(luertv. Sep ibid. 5 (8) (ii.), » 

(.Wiui'a (transverse simple cylindrical). 
Nee ibiit. § (8) (iv.). 

darke'a minimum error jiersi relive. »Sce 
ibid. $ (8) (v.). 

Cun if nl: 4i diiss of projection^ iu which 
a. set of straight line*, mduding from \ 
common vertex, sue put ul iuigR« 
hy a sH. i»f concentric circular hit*, 
deacriU'd About that vertex. Sue ii'-i 
* (ij. 

Cylindrical : a, social type of conical pro¬ 
jection* in which the angle of the 
coin; in zci^i: thin claw* iiuliub ( Mif> 
entorVi, (Willi’s, iinrl (hr (Jauss con¬ 
formal projection. See ibid. $ ff») {iii.). 

International limp. See ibid. § (8) (xviii.). 

Mercator# (eyJhid rival urthom orphic). Six* 
ibid. § (8) (xix.J. 

(Ihli[|uc conic ill. See ibid. § (f>) (ij.). 

Seale value nf a, ;it different point#. See 

ibid. 5} (7). 

Simple cordial, with line standard parallel. 
Sep ibid. $ (8) (vij. 

Simple ryliudi ieal. See ibid. § (8) (xii.). 

The properties of. Spp ibid. $ (2), 

PliOJ i;CTK ins ix IT*k, Sre “ Map I'iujpc* 

1 intis,” § (K) (xxxiv.). 

I’ltoo? Setu it. Sec ” Aleoholonietry,” $ (7). 


PttoTitApfon.s, Sec " D rough ling Be vices," 
)>. 275. 

I’SYCHHOMKTKH : AH illslPlttH'Ilt, consisting 
of a dry- ntid a ivut-bulb thermometer, 
m iwed for measuring humidity. • 
Ansimmn’a. See “ Meteorological IiiHtni- 
mentV’ § (b). 

» For aeroplanes. Sec ibid. § (37), See also# 
" Humidity,” m (4) (ii.) and (ft), * • 

SI mg. See Humidity,'' §§ (4) (ii,) and (H). 
Sno also Hygrometer* ’’ and “ Thermo 
Wct-^nd Dry-bulb,” 

f > v k^omi;tkk : An instrument for measuring 
the density (o) of a. liquid, (fr) 7if a solid, by 
di-K imilling the \v“ipht*of a known volume. 
See ” Balance#, ’ § (Ij>) (i.). • 

J’vuilHLioMKTKJ': an, instrument fo: the 
rneaaii it merit of solar radiation. # 

A bln it’s, Nee Metror^j<ig j < jil Insf rumenf h,” 

| (20). Sre also 11 Radiant Heat and its 
iljicdrum Distribution,” $ (lit). 

Angstrom's. See ''Meteorological ln*tru- 
inelils,” § (28), 

<'nllendar's, Sec w lkiljj^t Heat ;ti?d ila 
Spectrum Distribution, 1 ’ ii (17). 

Mi chi 1 Ison's. See '•Meteorological ]ii*4ni- 
tneiiW $ (IWi), See also “ Radiant Ho d. 
artil its jS|Kvtrum Distribution," $ (12). 
Pnuillet’s. See “ Radiant if eat and its 
Spectrum Distribution,*’ $ ((>). 

Si 1 vrI* disc. See u Meleon.ijogieul Instru¬ 

ments,’' |i (30). See also “ Radiant Heat 
and its Spectrum Distribution,” $ (11). 



C^r AmiATir Equation anji (iuAPfin'AL Auto¬ 
matic Mi:r lions 01 •• Solution, Mw° Noinn- 
grupliy." $$ (10), (II). 

“ Qlajatv " i jb- WnitK : definition of term* 
See 41 Metvoli^y," MU. § (29) (i.) {?). 

QUART/ J'lMSES 

“ Quautx fibres 11 are liLiineiilii made l>y 
drawing out melted rnek crystal, iuiiJ, strictly 
*i| Hikin'!, they a it not quart* any in ore but 
vitreous milieu. * Their interest aipl importance 
(iojK'iid'i on tbe fuel Mint they may readily 
bo diarvii <mt into pieces uf very jyvft length, 
of extreme fineness mul uniformity of diameter, 
mo aa to constitute torsion thready for delicate 
instrument a. Knr this puq>*»ne their very 
perfect elasticity, in which quality they are ! 
unique, and their high tensile flrefiglh give * 
them great advantage^ over other means of i 
support. Rods and fibres of f listed ailieti hqvo 
the further valuable property ^thnt they in¬ 
sulate electricity perfectly J or nearly *►, even 
in an atmosphere saturated with moisture* 

1 FfiifS. Hoc, Frvc„ 188t>, x. 


Q — 

9 # 

or tlie fibres may bn made conducting if re- 
quired by a tliin coat of sther. it was the 
want of nny Metafile libne for I he support of the 
nidio-micro meter eitvuit- that led the writer 
In jnsfimle a ivaearch that resulted in tlio 
invention of the method of production and 
discovery of the proper'lies of quartz fibres,* 1 
t $ ( l ) M.ikjMi Qi?a8t/. h i ukks.— Pieces-if rock 
crystal are healed to a r<M neat in a fi reeky 
crucible and allowed In cool. They will then 
he found broken into small angular pieces. 
Tim ojuunt^r, protecting Ids ryes with -lurk 
spectacle* and using an nxy hydrogen flame 
fnnn u mixed jet—not a Mow-through jet— 
heats ihe cornel's of one of these until, after 
mneh decrepitation, A fused eomer is formed* 
Then holding a second piece close to ihe best 
in tflo dame some of the small pireca that lly 
<d? are caught by the first and melted on, and 
in this way an irregular slick is formed free 
from contamination by nnv other material. 
Rrokeu silica wan* of the transparent kind 
might lie used instead if if in made of pure 

_ * tin>/, Stic. I ran*,, 1885J. dx\x. loll. 

■ rhttM. Sor. t'roc.. JHH7, ix.; Phil. , ii?87, 
xxlil. 48JJ; and 7f, Inst, Ftoc., 1880. 
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QUARTZ FIBRES 


quartz, from such rough material Vhen re¬ 
heated line rods about one millimetre in 
diameter are readily drawn, for when onee 
melted the decrepitation does not occur again. 
These rods are the raw material from which 
the fibres are drawn, or they are available at 
once as insulating supports. 

. In order to draw the fibres the instantaneous 
prod&efion of very great speed is essential, 
for which purpose the original bow and arrow 
method is still the most convenient. 

The stock of the crosslink,- is made#of two 
pieces of wood, each IS - 2-5 • l cm., fastened 
together with’adjacent chamfered edges form¬ 
ing a groove in which*:lie arrow inf.'y lie (Fig. 1). 



The bow is made from dry straight yellow 
pine, SO <1x1 cm., square in the middle and 
tapering towards each end, and so strung with 
the thinnest whipcord that the cord is tight 
or nearly so when the bow is straight, it 
should not prevent the bow from straightening. 
As the arrow made of straw is so light the best 
material for the how is that in which the 
longitudinal elasticity divided by the density 
is greatest, or that in which the velocity of 
sound is greatest, and for this reason pine is 
chosen. The-trigger is a 'mere 


marked x. It must be remembered that such a 
bow and arrow is no ny*re toy but a dangerous 
weapon.| The lirst arrow shot in this way at 
a card target 90 feet from the bow was found 
stuck in the wall behind the card, having 
.pierced a clean hole. Apart from Hu* danger 
to any one in the passage it is essential that 
no one should be moving there when fibres are 
being shot, as® the air draughts so caused 
would add to the dillieulty of finding and 
winding up the fib -e. It is important that the 
V groove, arrow, and string are so proportioned 
that the string rests exactly in the bottom of 
tlye notch in the arrow. 

Having now the apparatus prepared as 
described, the operator, wearing 
dark spectacles and comfort¬ 
ably seated, holds the end of 
the rod in one hand and the 
mixed jet burner in tlm other 
hand and applies the flame a 
few millimetres from the nozzle 
to the rod at .r. When the 
rod is at its hottest and before 
it separates into two under 
capillary action the trigger is 
drawn, but without morhuj the jet tiirai/. so that 
the fibre is actually drawn in the flame. Then 
the fibre will he found stietehed from the how 
to the arrow, and 20or .‘10 feet is a usual length. 
After practice the operator can make them liner 
or coarser at will, ami diameters from to 
i (,inch or to millimetre are in 

general the most useful. As the torsion varies as 
# *he fourth power of the diameter, this gives a 
range of over (>00 to 1 in torsional rigidity. A 
silk libre, i.t. half the natural double fibre, is 



loop of brass wii;<> passing stiffly _ 

through two holes in the stock - 

and supporting a treadle hv a 
string. Thus when the string of 
the bow is resting against the 
flattened protruding ends of the 
trigger and the arrow is isp against flu* string: 
of the bow ami* the'two hands arc ot herwise 
engaged the foot may la* used at the exact 
moment to shoot the arrow. The stock of 
the bow is held in a vice, and the arrow is 
aimed along a clear passage with a smooth 
floor. The arrow is made from a piece of 
unthrashed w heat straw about 10 cm. long, a 
material which may he bought in bundles at 
millinery shops, with a half needle secured at 
one end with sealing-wax kept veiy lent to 
make a strong'connection and carefully shaped 
as illustrated. A notch is cut at the tail of the 
arrow and strengthened \Vitli melted sealing- 
wax. 

Fig. 2 shows the two ends of the arrow 
in section with the sealing-wax indicated by 
section lines and the cpiartz rod secured in 
position, so that it may be melted at the point 



Fig. a. 


j about inc h in diameter, and ordinary 

I spun glass inch or mine. 

Quartz is not the only material that may 
j he drawn into 'line fibres with the how and 
i arrow and ().H. jet. Hlnss and any of the 
: silicate minerals behave in the'same way, hut 
| being so much more fusible and limpid there 
is no necessity to bold the end of the rod with 
the lingers. It is merely necessary to produce 
a head about two millimetres in din meter at the 
high temperature ,and shoot the arrow, when 
a fibre up to 90 feet in length (this being the 
extent available when the method was first 
tested) will be drawn»out, and tin* head will 
remain in virtue of its inertia either on the 
stock of the ,bow, or it. will fall just in front. 
Such fibres may he drawn so that the whole 
1 length glistens with the colours of tine spider 
lines if seen by sunlight. 
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Fibres drawn from silicates or glass have 
rather less torsional rigidity than Iibres of 
quartz, hut t hey sutler from want oj pc’feet 
elasticity, so tliat after a deflection the zero 
position has made a temporary inovemenUin 
the direction of the deflection, from which it i 
creeps slowly hack towards, but not reaching, 
its former position. Or after a pr< longed 
deflection to the right and tlfcm a short one 
to the left the zero position remains first at j 
the left, then it passes to the right, and grudit- [ 
ally settles hack towards the original zero. : 
The quartz libra is free from this defect, and j 
herein lies its extreme value. -i 

it is essential that fibres when made ,4mutd ! 
he gathered quickly and placed in safely, j 
The. most convenient method is to use j 
frames of wood, as shown in Fig. 3, vhieh 
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represents one end only. r J’hen if tlie cross- ! 
bar is varnished with shellac varnish and 1 ho < 
fibre laid on the varnish, the whole length 
may be picked up by winding longitudinally ; 
on the frame, and be secured at one or both | 
ends as desired on the tacky varnish. The ) 
outer edges of the end cross-bars should he • 
rounded. A number of such frames will I 
pack in a box which will withstand any ill- i 
usage without causing harm to the fibres. j 
Another method of making iibres, preferable j 
where still liner lihres are required and not • 
more than about 30 centimetres long, depends j 
upon the viscous drag of the flame gases upon j 
the melted quartz when a rod is drawn into ’ 
two in the O.ll. flame. Under this drag ! 
tapering tails or relatively long Iibres may be • 
produced in great quantities and very quickly, j 
but in general they an* so line that no colours i 
are visible in them, though the white of the | 
first order may be reached. In general they j 
correspond with the black of the soup film, and j 
are very diflieulj to see. When making lihres j 
in t his way it is well to place a •retort stand 
or some object in the. line of the 0.11.Jet, the 
burner now' being lived with the flame directed 
upwards and away from the operator. After 
drawing a rod into two*a few tinnp a number 
of fibres will he found on the stand to which 
they adhere, being for some reason electrified. 
Very line and short tails so made when ex¬ 
amined in the microscale may reach such a 
degree of tenuity that the end cannot be found. 
'Pile methyd of makin&quarlz libits by blowing 
has also been practised in America by Coblentz, f 
and an interesting# account of the method 
there used, showing ill detail some variation 
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from that given but substantially similar, is 
published in the Carnegie Institution Publica¬ 
tion for 11)1 Mi, (if), Appeniix V. 

$ (2) Ussino Qi aktz FiHKEs.--.riio use for 
x^liich quarts fibres are almost exclusively 
required is as torsion fibres in delicate appar¬ 
atus, and for this purpose they are pre-eminent. 
4Vith diminution of diameter the cross-section* 
varies as the* square of the diameter, anfl the 
strength falls off less rapidly than this. On 
the other hood, the torsional rigidity falls in 
the* pn portion of the fourth power of the 
diameter or square of the sectional area. For 
sour- classes of experiment, therefore, the 
angular deflection \». ill become greater as the 
scale of the apparat us is reduced, and llie con¬ 
sequent. increasing delicacy is limited only by 
the diflieulties of manipulation, constructing 
or measurement, or by* relatively increasing 
efforts of disturbance, if such is the fact, and 
last 1^' the viseosit-v <>f the air. With any hut 
the simplest form of suspension the resistance 
to motion due to this cause may be such as to 
pass the dead-heat comlilipqp, in whirl? case* 
deflections require an inordinate time, or if 
within*!In* dead-beat: *onditions by too small 
an amount the determination of period ; s 
made Miilicnlt on account of the high loga¬ 
rithmic decrement. 'Pin* easiest way to attach 
a. quartz libra at its ends is to use pointed 
wires wetted with shellac varnish, and lay the 
end of the fibre on the varnish, and then gently 
pull in the direction of the point so that the 
fibre lies in this direction at tin* point. Then 
on di ving, with or without the aid of heal, the 
fibre will be held. Where there is any question 
as to tig* rigidity of such a fastening, other 
methods may he used. A solufion of silicate 
of soda lias been used successfully, but the 
writer has no experience with this. Cements 
of the “ Caeinentiiim ” type would no doubt 
answer very well, but the writer used in his 
e\pf*riments on the constant of gravitation a 
very secure and ligid method of fastening, 
ejected by silvering, electro-coppering, and 
soldering the coppered enTls f<> metal tags of 
enormous area relatively, and cementing these* 

Owing to # the fourfold change of torsion 
with diameter a very exact choice of diameter 
is necessary to arrive at any particular 
torsional rigidity. While the frames of lihres 
are easily supported so that the fibres carried 
by they, may he examined in the microscope, 
a qufrk and handy method of judging of the 
rigidity of fibre is often preferable. 3'he still¬ 
ness of a fibre treated as a cantilever varies 
also as the fourth power of the diameter, and 
thus if the observer holds a piece between his 
linger and thumb he can judge of the rigidity 
in this sense in comparison with that of 
aiTother fibre by observing the free end. This 
1 l'hys. Hoc. Proc., 181)4. xiii. 
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in ay project two or three inches and main¬ 
tain its position, or it may only project an 
inch or less in a more or less limp manner, or it 
may not be possible to make it project at all, 
in whiell case it will be dragged, upwards by 
the convection draught of warm air. In this 
way a fibre may be quickly matched or ono 
’stithy or less stiff than another may be easily* 
found, and very little experience of this kind 
will generally suffice. The coarser fibres are 
easily seen, but where fibres much less in 
diameter than K <h(, inch # (o J.o millimetre) 
are to lx? handled, it is well to make they* as 
conspicuous as possible. A table in front 
of a window in a rboiy without draughts is 
desirable, but a dark background is essential. 
Black velvet or smoked, glass often considered 
Mack is full of light and is useless as a 
background. The background used by the 
writer in all his work with quartz fibres was 
the ylarkncss inside a drawer only opored a 
little way, and the darker the colour of the 
interior the better. Where available the 
silvered trumpet />f Lord Rayleigh 1 might 
be even better, but the Egyptian darkness of 
the drawer has been foftnd to be sufficient. A 
piece of mirror glass laid upon the table shows 
up fibres lying upon it very well, and Ibis is 
convenient where precise lengths have to be 
out and secured at the ends. The, writer has 
also used a method of smoking the fibres over 
a magnesium lamp, the white, soot from which 
is very conspicuous. 

Where observations of great accuracy are 
required, combined with the delicacy which ' 
quartz fibres permit, the experimentalist must : 
remember tlujt there is no^ limit in reason to < 
the delicacy imposed by the quartz fibre, j 
The chief difficulty, if liquids arc not in 
question, is caused by the movements due in 
the main to convection currents of the air . 
within the apparatus, which, acting on the ; 
suspension, give to it anomalous movements. | 
Cavendish fully realised this difficulty in his ■ 
apparatus for weighing the earth, and reduced j 
it as far as the large dimensions of the apparatus j 
permitted. In ordinary physical laboratory , 
apparatus such as balances, galvanometers, ] 
etc., the air is never at rest, and $ line quartz 
fibre suspension would be in continual move- j 
ment. It is essential to keep the interior j 
dimensions as small as possible and to make j 
the easing of thick highly conducting metal, 
which itself should be further serceiVxl, and j 
all maintained in a cellar or room with as 
constant a temperature as possible. Jt is 
only by such precaution^ that the full extent j 
of the accuracy of the quartz fibre can be j 
attained. Baron Ebtvbs, who required exten- j 
sive lateral dimensions in his apparatus for 


reducing the vertical dimensions to the 
utmost. Air movement in general limits 
the accuracy attainable in any piece of 
apparatus, and air viscosity limits the gain 
which otherwise might he attained by redue- 
Jetion of dimensions. In the apparatus set up 
by the writer in the Clarendon Laboratory at 
Oxford these precepts were followed to so 
great an extent that movements of tin? air 
j p^ist the gold halls at the rate of one inch in 
i a fortnight would have produced a deflection 
: greater than the disturbances observed on a 
particular quiet night. 

i /All fibres seem to show increasing tenacity 
with diminution of diameter, as though there 
were a surface tenacity akin to surface tension 
in liquids, and the great strength of silk and 
spider lines is no doubt due to this cause. 
Such strength in fine quartz fibres is not due 
to the fact that the surface is a natural or 
vitreous surface resulting from fusion, for if 
a coarser fibre is made to carry a weight over 
a pail of water, and then a sponge dipped in 
hydrofluoric acid is placed against the fibre 
so as to dissolve it slowly—it is very slow 
compared to glass—the fibre will break when 
it is reduced sufficiently in diameter, and the 
one end will immediately he washed in the 
water. The diameter is then*found to he the 
same as that of a whole fibre which is just 
broken by the same weight. Tenacities up to 
from 00 to SO tons to the square inch, to use 
the emnneor’s units for comparison with 
metals, are found with fibres inch or 

it. 1 ,,-, millimetre in diameter or loss. 

Another use for quartz fibres is as cross wires 
in optical instruments in the place of spider 
lines. They have the advantage that in damp 
places they are not destroyed by mould, and if 
by chance a spider gets into the apparatus 
they are not cut and destroyed as cross wires 
of spider thread art? sure to lie. While a 
quartz fibre with its ureal tenacity and 
moderate Young’s modulus will stretch quite 
perceptibly, it cannot be treated to the large 
stretching on a fork which a spider line 
allows, and so the applieat'on of the quartz 
fibre is more difficult. The best method of 
.securing a fibre in a stretched Mute, which is 
essential, is 6> suspend from it a load of onc- 
quarte^ or one-half of the breaking weight. 
Then, having the diaphragm carried on a stand, 
with the ruled lines to which the fibres arc 
to be attached vertical, this is moved until 
the fibre lies over the selected line. A touch 
of shellac varnish above and below t he opening 
will secure the fibre, hut it should he left with 
the weight suspended until the varnish is 
dry. No one would use a quartz fibre in this 
way unless • spider liqe was unsuitable. It 


detecting the differential gravitation of tidal; is convenient to remember that a fibre T ,rhn 


waters, maintained the necessary quiet %y 
1 Roy. Soc. Proc., 1920, xevil. 


inch ( 2 'r,(, millimetre) in .diameter will carry 
about 40 grains or nearly 3 grammes, from 
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which a- judgment can Ik* formed of the 
diameter that other loads will require. 

It is convenient to remember also f hat the 
couple in dyne centimetre units due to a fibre 
of this diameter and 10 centimetres lotig 
when twisted through a unit angle (57*3°) is 
equal to -00018, from which a judgment can 
be formed of the couple due to any fibre 
twisted through any angle. 'This figure is 
obtained from the rigidity -a —2*9 x JO 11 an^l 


RADIANT HEAT AND ITS SPECTRUM 
DISTRIBUTION, INSTRUM ENTS FOR 
THE MEASUREMENT OF 

(For a list, of papers on tin* subject,see Biblio¬ 
graphy at the end of (he article “ Radiation, The 
Measurement of Solar, etc.”) 

Instruments for the measurement of radiant 
energy may be broadly elassilied into three 
groups: 

(i.) Meteorological appliances, designed for 
the recording of the intensity of the radiation 
received from the sun or merely the duration 
of the sunshine. 

(ii.) Instruments for the measurement of 
temperature, which are known as radiation | 
pyrometers. 1 

(iii.) Instruments for investigating the dis¬ 
tribution of energy in the spectrum. 

For routine meteorological work the instrii-® 1 
ments have to bo made exceedingly robust 
and easy to manipulate, consequently the* bulk 
of the recorded data on solar nidi at ion is of 
somewhat, empirical nature, only suitable for 
making deductions of a qualitative character 
as to climatic condition on different days 
throughout the year. 

The quantity generally determined is the j 
duration of sunshine, i.c. the number of hours [, 
during the day in which unclouded sunshine | 
has fallen on the earth’s surface*. 

In recent- years instruments have been 
devised for measuring the intensity of tin* 
sun’s radiation, but this measurement presents i 
greater practical diflieulty than •that of the 
duration of sunshine. % 

I. Sunshine Recorders 2 

The earliest practical instrument for re¬ 
cording duration of sunshine was that devised 
by Campbell in 1 Hoik 

1 A description of these instruments will be found 
In “ I’yrometry, Total Radiation,” Vnl. I. • 

* See paper on " Instruments for the Measurement 
of Solar Radiation.” by k. S. Whippk*, Trans, of the 
Opt ical Sachin, 15)14 I ft. (Contains an admirable 
resume of the subject-, and lo which reference should * 
be made for more defciiled information.) Sec also 
“ Meteorological Instruments.” 


—y 

I the torsional rigidity r - irr A nOj'il, where 0 is 
the angle of twist in Indians and l the length 
in centimetres. The rigidity h has a small 
I posit ire. temperature co< liicient* equal to 
| *110013, i.c. it,becomes very slightly stiver with 
1 increase of temperature. The value of Young’s 
modulus in the same units is 5*18 10" with 

.t temperature coefficient of about flu* same' 
amount 1-3 x ltU 4 , while the coefficient of 
volume elasticity is 1*4 x 10 11 . v> 



§ (l) ('amtCell’s S untune Recorder . 3 — 
The original instrument consisted of a spherical 
glass bottle filled wit 1^ acidulated water and 
supported centrally in a white stone bowl, the 
glebe being about 0 in. ir»* diameter. The bowl 
I was engraved with hour lines and its surface 
blaekqned with an oil paint or varnish. 'The 
bottle acted as a lens and the sun’s heat melted 
the paint wherever the rays impinged upon it. 
j The observer read off the duration of suLwhine 
for each hour and marked it on a paper ruled 
I for the |mi pose. Campbell, in his paper, recom¬ 
mended the employment of a wooden bow 1, and 
also suggested the use of photographic paper. 

Such an instrument was installed in 187b in 
Ureetiwich Observatory, the sunshine being 
received*on blackened millboard. 

Three years later Stokes devised a method 
of fixing the cards in position by slots in a 
metal bowl partly surrounding the sphere. 

Subsequent modifications of the Campbell 
instrument wore made by Curtis, 4 who arranged 
the instrument so that the position of the howl 
relative to the sphere could be xtiried through 



* Fin. 1. 

several degrees of are, so that it could be used 
in any latitude. A tyodern form of thr* instru¬ 
ment is shown in Fig. 1. Descriptions of 

3 “ On a New Self-registering Sun-dial.” He port 
of the Council of the British Meteorological Society, 
May lKft7, p. 18. 

V ” Sunshine Recorders and their Indications,” 
Quarterly Journal of the Royal Meteorological Society, 
xxiv. 17. 
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special typos of those instrnmonts for use in 
tlic Tropics and the Arctic and Antarctic 
regions may he found in the following papers: 
“National ' Antarctic Expedition,*’ 1901, 
Meteor oft ></!/, Part I., p. .>12, Rgyal Society, 
London : The Observer a Handbook, M.O. 191 
(1914), Meteorological Other, London, pp. 
'83-94. # 

§ (*2)* .Foul) an Hkcoudkk.- An instrument 
working on a totally different principle is the 
Jordan 1 Suns/tine lit rorder ^(sec* Fit/. 2). in 



this the intensity of tlic sunshine is measured 
hv the amount of discoloration produced in a 
paper sensitised hv the ferro-cNanide‘proeess. 

A strip of prepared paper is put into a semi¬ 
circular hox, and the sun's light allowed to 
pass through a small hole in the side of the 
box, and to fall upon the paper. 

After exposure for the day, the paper is 
fixed by imiyersion in clvir water,* when a 
blue trace will bo found upon its surface 
which roughly Varies with* the intensity of 
solar radiation. 

As regards the records obtained with the 
Camphell-Stokes and the Jordan instruments, 
it will ho at once recognised that there is an 
essential difference in t|jeir method of pro¬ 
duction. In fly o/ie case the record is pi'o- 
dueed by the thermal effect of the sun s 
radiation and in the other by the actinic 
effect. In 1890 97, K. 11. Curtis, on behalf of 
the ( ouiieil of the Royal Meteorological Society, 
undertook a careful examination of a year's 
records obtained from two of these instru¬ 
ments." He found that, as a whole, the records 
agreed very well in the number of hours’ j 
sunshine recorded, but that the mcasiJlevents , 
of the .Jordan curves are open to more un- | 
certainty than are measurements of the 
('arnpbell-Stokes curves. - In his paper dealing 
with the subject, Curtis makes some useful 
suggestions as to the definition of * bright 

1 Quarter/!/ Journal of the Itofial Met. Nor., isHi, , 

Xil * Sunshine Kceorilcrs and their Indications,” 
ibid. pp. 1 <1-20. 
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I sunshine,” and discusses fully the mounting 
i of sunshine recorders.# 

j \V. tyirten of Potsdam Observatory has 
! also made a comparison between the Camp- 
; h<«H-Stokcs and Jordan instruments, and is 
* in agreement with R. II. Curtis, lie states 3 
I that the Camphell-Stokes instrument registers 
earlier in the morning and later in the evening 
than the Jordufl instrument, and is thus more 
suitable for winter months; also the records 
are easier to interpret and more permanent. 
The sensitivity of the Jordan instrument 
depends on the quality of the photographic 
|*iper. On the other hand, the Camphell- 
Stokes instrument is apt to over-record at 
midday, and is not so accurate w hen the sky 
is clouded. The cards are also liable to he 
spoilt bv rain, but in spite of these drawbacks 
if is to be preferred as the more accurate of 
tin* two instruments. 

I § (3) Thk M arvin R kcordkr. - In America 
j ail instrument known as the Mama Thermo - 
■ ifraphie Sunshine liecorder has been extensively 
j used for recording the duration of sunshine. 4 
I It is essentially a differential air thermometer, 
| arranged as shown in Fit/. J. 
j A straight- glass tube has cylindrical bulbs, 
j C and D, one at each end, bulb D being 



smoothly coated on the outside with lamp¬ 
black. and the whole enclosed in a protecting 
sheath A. The glass tube connecting the two 
bulbs is prolonged to nearly the bottom of 
the bull) l). The space between tin* inner 
tube with it?s bulbs and the protecting sheath 
is first, thoroughly dried, then exhausted of 
air and hermetically sealed. Mercury is used 
to separate the air in the bulbs, a small 
quantity with a little"aloohol being placed in 
the bottom and f.tem of the lower blackened 
bulb J). A pair of electrical contacts is fitted 
at E. The instrument is mounted on a support 
as shown in Fit/. 3, a?td the black bulb of the 
instrument is held downwards. When the 

3 ” ErKebnis.se sselmjahriger Soniienselt-inreyisf rie- 
rungon in Potsdam,” W. Marten, Ergebnisse der 

( meteor. Tteob. in Potsdam. 

4 II.S. Department, of Agriculture Weather Bureau, 
1 J t) 14, W.U. No. r>i«. 
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black bulb is boated by radiation falling 
upon it, the mercury rises and closes an 
electric circuit- betweeif the contacts, this 
circuit actuating a recording counter. The 
inclination of the recorder is so adjusted 
that the. mercury column keeps the circuit 
closed during times when the disc of the 
sun can just be faintly seen through the 
clouds. • 

§ (4) Dinks’ Recorder. This is an ether- 
filled thermometer mounted on pivots. TlA> 
radiation falls upon a black bulb and the I 
expansion causes a thread of mercury to move, 
disturbing the equilibrium of the syst ‘in. On 
the tipping over of the instrument the mercury 
closes electric contacts, completing a circuit 
through a chronograph. 

11. The “Solar Constant” 

• 

The other group of solar instruments mav 
be termed intensity recorders, since their 
function is to determine the quantity of heat 
received by the earth from the sun and the 
rate at which it is received. 

s (f>) Definition of the “Solar Con¬ 
stant.” The quantity 1 of heat received in 
one minute from the sun, when at its mean 
distance from the earth, by one square centi¬ 
metre- of a perfectly absorbing surface, pre¬ 
sented normally towards the sun, and sup¬ 
posed to be situated just outside the earth's 
atmosphere, is known as the “Solar Con¬ 
stant.” 

It is probable that this quantity is not! 
really constant, as most likely the various 
portions of the sun’s siirfa.ee presented to the 
earth have different radiating powers, and 
there may behlso a periodical variation corre¬ 
sponding to the variation in the area of the 
sunspots. 

On consideration of the above definition "f 
the solar constant i- will be seen that there 
is one outstanding difficulty in making measure- g 
incuts, viz. the impossibility of measuring the 
radiation received just outside the earths 
atmosphere. The absorption by the atmo¬ 
sphere is very great., and is, of Course, a varying 
quantity, it. depends on the amount of dust 
and water vapour in the air; oi^tlie height of 
the observing station above sea-level; and 
on the elevation of the sun above the*horizon. 
The length of the path of sunlight between 
two horizontal layers*is proportional to the 
secant of the zenith distance of tTie sun, and, 
therefore, the absorption may be expected 
to be an exponential function of this secant. 
From observations tal*en at. different hours 
of the day the nature of this function canjie 
determined, and the strength ojjtlie radiation 
falling oft the outermost layer of the atmo¬ 
sphere can be estiiyafed. 

1 See “ Radiation,” § (1). 


It. is now realised that the only way to 
obtain accurate data concerning the solar 
constant is by making a bnlomefric ex¬ 
amination of the solar spectrum, and this 
can only be carried out. with an elaborate 
equipment. ° The bolometrie. examination is 
necessary because the coefficient of absorp¬ 
tion varies with the wave-length <4 the^ 
radiation. • • 

During the ’ past eighty years, however, 
numerous attempts have been made to elici t 
determination* of,the solar constant, most of 
the work having been carried out with com¬ 
paratively simple apparatus subject to the 
abo\ c-mcnl Dried sources *)f error. 

§ pi) PoUILLET’K wJ* V lUlEMOM ETEH. • TllC 
first successful res ‘aieh on the solar constant, 
was that, made ill IK.17 by Pouillet, who de- 
■ned the instrument »since know n by Ins 
name. This instrument, which he termed 
“ Pyrheliometer,” is* diowil diagrammatieally 
in Fuj. 4. ft consists of a flat thin cylindrical 
vessel A, of which 
the upper face is 
lamp-blacked and 
the #est silvered. 

This contains water 
and .serves as a 
calorimeter. It is 
mounted at one end 
of an axis I), round 
which it can be 
rotated to secure 
mixing of the con¬ 
tents, the thermo¬ 
meter stein lying 
along the axis. The 
part A of the install¬ 
ment is lirst directed 
to a part, of the *ky 
away from the sun, 
and the fall in tem- 
pemturc noted dur¬ 
ing live minutes. 

It is then directei 
towards the sun for 
live minutes, and 

the rise noted ; it is finally directed away from 
the sun and the fall noted during another 
live minutes. From a knowledge of the 
capacity of the calorimeter, the total heat 
received per unit of surface per unit of time 
can he determined. The results obtained by 
Pouillet were remarkably good for that period, 
w h<#T nothing was known coma ruing the 
absorption by water vapour, etc. His value, 
1-7 calories per minute per square cm., com¬ 
pares very favoursfbly with the latest deter¬ 
minations, viz. calories. 

§ (7) Violle's Actinometkk. This instru¬ 
ment is similar in principle to Pouillet's pyr- 
Ifolionietor, and consists of a thermometer with 
a spherical bulb placed in the middle of a 



» Fie. 4. 
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A»uhie-walk'd ‘enclosure (died with .water to 
maintain a constant temperature (see Fig. 5). 

An opening is pro¬ 
vided with a shutter 
to allow the sun's rays 
to fall on the thermo¬ 
meter bulb. By ex¬ 
posing the thermo; 
meter for a definite 
interval of time and 
observing the tem¬ 
perature rise t he value 
of the solar constant 
can be deduced. 

§ (8) Black-bulb Thkkmometki ix I'.icrn, 
—An instrument which has been extensively 
used for the rough comparison of the intensity 
of sunshine on different days is the blaek-lmlb 
t.icrnmmetor 1 (see Fin. (J). The construction 
of this instrument was first suggested by 
Sir .John Hersehel, and it consists of a sensitive 
max’mum thermometer with the bulb and 
about 25 mm. of the stem coated with lamp¬ 
black. The whole is enclosed in a glass tube, 


Fig. j 



There are several objectionable features 
about the instrument. For example, the size 
of the bull) has a very large influence on the 
readings*- Whipple found that a difference of 
L mm. in a bulb of 12-5 mm. in diameter or 
j. a.difference of 8 per cent caused the correction 
required to bring the readings in accord with 
the standard to be more than doubled. He 
also found that, the thickness of the blacking 
had considerable influence on the reading. 
K.o concluded from his experiments that it 
was necessary to exact from instrument makers 
a rigid adherence to a standard size of bulb 
and a definite amount of coating, as well as 
a constant state of exhaustion and standard 
size of jacket, all conditions very difficult of 
realisation, particularly the pressure within 
the jacket, since the black paint coating on 
the bulb slowly evolves gas, resulting in a 
deterioration of the vacuum with time. 

5? (0) Winstanlky's Badi'miraimi. —This in¬ 
strument is very similar in principle to the 
Dines recording sunshine receiver, except that 
it is intended to record the intensity of solar 
radiation, and not only the 
duration of sunshine. A differ¬ 
ential black-bulb anti unblacked 
bulb thermometer is poised 
upon knife edges so delicately 
adjusted that its equilibrium 
is disturbed by the displace¬ 
ment of the mercurial index, 
equilibrium being re-established 
by the whole system taking up 
i fresh position. The move¬ 
ment from one position to 
another is recorded by a long 



of which one,(end is blowr. out into’a bulb 
about C>5 mm. iij^ diameter, in the centre of 
which the bulb of the thermometer is fixed. 
The glass jacket is sealed and exhausted. 

Experiments have shown that there is a 
relation between the. intensity of radiation as 
indicated by the black-bulb thermometer and 
the number of hours of runshine. In a dis¬ 
cussion of graph* showing daily observations 
at Kevv for a year, (I. M. Whipple found that, 
taking both maxima and minima into con¬ 
sideration, there were seventy cases of agree¬ 
ment between the solar radiation and sunshine 
in their times of occurrence, and six of dis¬ 
agreement. 

He was led to the conclusion that “ the 
black-bulb thermometer is only to be con¬ 
sidered as an indicator of the relative preface 
or absence of e! >ud from the. sky at the locality, 
and so its use as a meteorological instrument 
may with advantage be s(*t aside in favour of 
the sunshine recorder, which is not, influenced 
by the clement of uncertainty inseparable 
from the former instrument.” 

1 Whipple, Quarter!a Journal Mdeorolof/ieal Soviet//, 
v. H'2 ; x. 45. 


i arm upon a sheet of smoked 
paper wrapped round a drum' 
driven by clockwork. 

! § (DM Tub Bad to In- 

TEdHAToR.- A simple and 
ingenious instrument was de- 
; signed by W. E. Wilson for 
the measurement of total radia- 
: tion received by the ground. 

! The radio integrator, as it is 
| named, consist,, of a sealed 
| retort for the distillation o f a ^ 

' volatile liquid, in rar.uo y by the. Fig. 7. 

i radiation falling upon it (see 
! Fig. 7). When set for an observation, the 
whole of the liquid is in the upper bulb, 
] which is exposed to tl\e sun, while the, lower 
i linih and tube nrj; sheltered in a white per¬ 
forated box. The liquid as it evaporates is 
j condensed in the lower bulb and trickles down 
j into the tube. As the*latent, beat of vaporisa- 
j titfn of alcohol is regarded as approximately 
constant over the range of ordinary air tem¬ 
peratures, the amount of alcohol widt h distils 
• over from the upper bulb is directly proportional 
to the solar radiation. In the standard typo of 
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instrument a cubic centimetre of alcohol passes 
over for 179 "ram calories received by the 
upper bulb. Unfortunately, the instrument 
is sensitive to the cooling effect of tfce wind. 
Ar suggested by Mr. It. 8. Whipple, this error 
might perhaps be corrected by enclosing Am 
upper chamber of the instrument in a vacuum 1 
jacket. 

§(11) SlEVER-PISC Pyriif.t^ometf.r. T\is 
modified form of the Pouillet pyrheliometer 
was developed by the authori- 
ties of the Smithsonian Astro- 
pj 'm. physical Observatory, 1 and ( 

JaV lias been largely adopted in ; 

\\ the United States as r i 

y, \ \ subsidiary standard; 

y. ^ \ \g about 25 copies have 

y. \ \ been standardised and 

y, \ sent out to stations 

in Kurope^Nortli and 
South America, and 
r v \ \jl other places. 

\V D A section of the 

silver disc pyrhelio- 
meter is shown in 
Fig. 8. The silver 

-c—- disc A is bored radi- 

^ ally with a hole to 

admit the cylindrical 
bulb of a thermometer 11 which is bent at a 
right angle. 

To assist the transfer of heat from the disc 
to the thermometer bull) the hole is lined with ] 


vantage <*>f simplicity, and at (he same timd 
reliability. It is found that the standard 
scale of radiation may be reproduced in 
these instruments to an accuracy of 0-5 per 
cent. 

•§ (12) Thi>Michelson Pyrmkliomktku( see 
Fig. fti. Tn this instrument 2 the thermometer 



0 


consists of a binmtaiiic strip A, the extrusion 
of which, P, moves when the strip is heated 
bv the solar radiation, admitted through the 
aperture 1). The movement of the strip is 
observed by means of a microscope M. The 
instrifhicnt is calibrated and observed pi a 
similar manner l<> the Smithsonian instrument, 
but the sensitive element having a sipaller 
thermal capacity, the instrifli.*nt is more rapid 
in action. It is doubtful, however, whether it. 
is as robust, or so constant in its readings as 
the Smithsonian instrument. 

§(13) The Ahkomtte Pyrheliometer of 
Arhot and Fowi.ic.- In 1903 Abbot and Fowle 
commenced the construction of their absolute 
pyrheliometer, 3 consisting of a “ black body ” 
receiver combined with a How calorimeter, the 


thin steel and contains mercury. A soft, cord i chief innovation being the adoption of a hollow 
soaked iu shellac is forced down at th<# chamber to receive the solar rays. Such a 
mouth of the hole to prevent the escape of chamber is a nearly perfect absorber, conse- 
mereurv. The. silver disc is enclosed by a quentlv no correction is needed for the rollee- 
coppcr cylindrical box C. Three small steel tion of fays from 4he receiving surface. This 
wires, not sliowu in the figure, support pyrheliometer has been developed through 
the silver disc. Clamping screws are pro- i various models 4nto an accurate piece of 


vided iu order that all strains may be 
taken off the wires during the transit. 
The box C is enclosed in a wooden 
box 1) to protect the instrument from 
ternperat tire changes. 

►Sunlight is admitted through the tube 
E., in which a number of diaphragms arc 
placed. The aperture in the diaphragm 



Fnearest the silver disc is slightly smaller 
than the disc ifbelf. Jt thus limits the cross- 
section of the beam whose intensity is to lie 
measured. Shutters are provided at fl. The 
top of the tube F carries a screen large enough 
to cover the wooden tyix. The inst rument is 
mounted on an equatorial stand. \f hen making 
an observation the instrument is pointed at the 
sun and the temperature rise of the ther¬ 
mometer during internals of 100 seconds is 
observed over a jieriod of a few minutes. 
Prom the readings obtained thj> intensity of 
the sohu # radiation cab be deduced. 

The instruments Jiavo the outstanding ad** 

1 Annate of Astropftys, Observatory, il. 30; ill. 47. 


apparatus, ftnd the modern form is illustrated 
in Fig. 10. 

AA is a chamber of about 3*5 cm. inside 
diameter, with hollow walls adapted for the 
circulation of a stream of water. The stream 
enters b K, passes around the walls, the rear 
of the chamber, the cone-shaped receiver of 
rays H, and passes off at F, carrying away 
the heat developed* by the solar rays which 
entered the chamber through the aperture 0, the 
dimensions of which are accurately measured. 

* Meteoroloyteehe Zvihrhrift, 1p. 

•* See Abbot and Fowle, Astrophys. Journal, 1011, 
xxxlii. 101, 
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At D, and !). 2 are platinum coils adapted to 
measure the temperature rise of the water 
due to heat absorption. The water flows in 
a spiral channel around the instrument. In 
order to prevent external temperature changes 
from vitiating the observations, the whole 
apparatus is enclosed in the Dewar vacuum 
flask KK, and to prevent the breakage of the 
flask-if in enclosed in a brass ease. 

In the standard instrument the Dewar flask 
lias been discarded in favour ijf a vigorous 
water-stirring arrangement. . Deference should 
he made to the original paper for information 
as to the cor struct ion of the resistance ther¬ 
mometer coils, the method of maintaining the 
flow constant, etc. Or the hack of flu* re¬ 
ceiving cone II. a coil of manganin wire is 
wound, forming a heading coil bv means of 
flinch a definite quantity of electrical energy 
can he dissipate*l in the instrument. In this 
way a direct measurement may be made of the 
temperature rise in the outflowing water caused 
by a known q mint it \ of electrical energy. 

The published observations show that the 
results obtained with these instruments are. 
remarkably concordant, the maximum diverg¬ 
ence of the mean result of six groups derived 
from seventy observations being one per cent. 

$(14) Ki.fxtku al Types ok Soi.ak Radia¬ 
tion Instruments.— Several forms of pyr- 
heliomete»s have been devised in which elec¬ 
trical resistance thermometers or thermo¬ 
elements have been employed instead of 
mercury thermometers, and such instruments 
are distinctly more reliable than the older 
types of pyrlieliometcrs. 

Calkndur has construeted a black-hull) 
thermometer »•» which a differential resistance 
thermometer replaces the 
niercury^hennoiiieter, and 
the instrument has the 
additional advantage of 
being distant reading or 
recording. 

§(K') ( ’allkxdah’s ttrs- 
UlINE RwoRDKR. — Tills 
instrument 1 is shown dia- 
grammatieally in Fit/. 11. 
It consists of two pairs 
of resistance foils wound 
on mica frames, the two 
pairs being mounted dia¬ 
gonally to each other. One 
pair of coils is blackened by means of bl^ck glass 
enamel, thus avoiding any risk of deterioration 
of the blackened surface by age. 'flic re¬ 
sistance of the two blackened coils is the same 
as that of the two unbladkencd ones when no 
radiation falls on the surfaces. The coils are 
placed in an hermetically sealed glass vessel 
filled with dry air. The. coils are connected 
to a Callendar recorder. The instrument ; s 
1 R . A . Report , 1000, p. JJ8. 


i standardised by measurements made on the 
i radiation emitted by standard lamps. The 
lamps used by Callendar for this purpose emit 
| a radiation of approximately 1 calorie per 
s<|uare centimetre per minute at a distance 
of 20 cm. when the specified voltage is 
applied. 

§ (10) Angstrom’s Pvriieuometer. —The 
principle of thjp Angstrom pyrheliometcr 2 is 
simple. Two thin metal strips (20 mm. long, 
V5 mm. wide, and -02 mm. thick) are alter¬ 
nately exposed to the radiation to he measured. 
When one strip is being heated by the radia¬ 
tion falling upon it, the other strip, which, 
[ although shielded, is close to the exposed 
j strip, is heated to the same temperature by 
j an electric current passing through it. Equality 
j of temperature is indicated by a sensitive 
| galvanometer connected to a pair of copper 
| constantaq. thermojunctions, attached to the 
| back of the receiving strips hut insulated from 
them by thin silk paper and shellac varnish. 
It is then assumed that the energy expended 
in the electrically heated strip is equal to the 
radiant energy absorbed by the exposed strip. 

The amount of energy absorbed by each 
particular instrument depends on three factors, 
which must he accurately known, viz. the 
width and resistance of the strips and the 
ooelliciont of absorption of the smoke-black 
film on the strips. Knowing these values, 
the absolute value of the radiation may be 
computed. 

The construction of the instrument is simple, 
#nnd is illustrated diagrammatieally in Fir/. 12. 




I’io. 11. 


! The two strips of manganin. A and 1>, are 
j mounted side by side on a smad circular frame 
| about 10 mm. in diameter. On the front end 
i of the tube carrying the strips a double-walled 
! reversible screen is mounted, which protects 
i one or other of the strips from external radia¬ 
tion. The auxiliary apparatus consists of a 
j millianirncter, an accumulator, a rheostat, and 
; a sensitive galvanometer. 

! § (17) (\ai.lenpa it's*. Kamo-ralangk.- The 

1 radio-balance due to ('allendar 8 was developed 
from the radio-calorimeter described by him 
in the Brit ish Associat ion Rep*n’t 'for 1000. 

! 2 Astrophyxieit/Journal I KUO, ix. 

1 2 Proc. Rhys. Hoc. xxiii. 10, 
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In this instrument a copper disc (13 mm. in 
diameter) was support^! by two fine iron* 
constantan couples at right angles, either of 
which could bo used for observing iflie rate 
of rise of temperature of the disc wh^n 
exposed to radiation. It occurred to (-alleudar 
that by passing an electric current through one 
of the thermocouples the radiation might be 
directly compensated by the l**at absorption 
due to the Peltier effect. In the first model 
a disc was used as a receiver, b it in the late* 
model a cup (4 mm. diameter, 10 mm. deep) 
was employed. This cup has been found ex¬ 
perimentally to have an absorption coeflieient 
of nearly unity. 

The radiation is directly compensated by 
the- heat absorption due to the Peltier effect 
in a t.hennojunction, soldered to the # cup, 
through which a measured current is passed ; 
and, since there is practically no temperature 
change, the radiation is deduced in absolute 
measure without a knowledge of the thermal 
capacity of the cup. The cup is mounted in 
a small tubular thermopile connected to a 



sensitive galvanometer for indicating the 
balance (see Fig* J3). 

In order to compensate accurately for 
changes in the surrounding temperature and 
to avoid the necessity for a water-jacket, t .\o 
similar cups with similar connections are 
mounted side by side, in a *hollow copper 
cylinder. Either can he connected by a 
double-pole switch to a circuit of.the battery 
B, rheostat- R, and milliammeter # A, for 
supplying, regulating, and measuring tin; 
current. The thermopiles in which the cups 
are mounted arc oppositely connected in the 
circuit of a sensitive galvanometer (1, so as 
to indicate, the difference in temperature of 
the cups. The upper junctions of each pi!" 
are bound firmly round«the middle of a cup, 
from which they are insulated by thin pap*' 
and shellac. The lowqr junetions # aio similarly 
fastened a small copper block screwed to 
the base of the thjpk copper cylinder. The 
thermopiles usually consist of twelve couples 


• . 

each. Tlw* Peltier couples are single iron" 
constantan couples soldered to the bottom of 
the cups. The four pairs of leads for the two 
couples and the two thermopiles are brought 
out separately, so that the insulating can be 
tested at anytime. 

The equation giving the value H of the 
puliation in absolute measure (watts per sq. # 
cm.) is • * 

HAH=pa-cuv-rr(i- ( c ), 

.chore >: h the. absorption coeflieient. of the 
• blackened cup, • 

A the ^irea of tlie # aperture admitting 
radiation in s^. cm., % 

II the ini nsit.y of the radiation in 
watts per s<|. (Til., 

P is the coefliciony of the Pelt k r effect 
in volts, 

(.’ the current through the couple, in 
• amperes, , 

('„ P/lv, the neutral current giving 
neither healing nor cooling. m 
It is obvious t hat there is a* ftiaximum radia¬ 
tion which can be directly compensated by 
the cooling effect, but the range can be varied, 
and t-lu* instrument is quite suitable for the 
measurement of solar radiation. 

When the radio-balance is employed as a 
pyrhelioyieter the thick copper cylinder con¬ 
taining the cups and their connections is 
extended by a tube containing suitable dia¬ 
phragms for limiting the exposure. The whole 
is mounted cquatoriallv oil a levelling stand. 
The tube is gilded in place of being lacq lined, 
as tin 1 gilt stands exposure to the sunshine 
better and also greatly diminishes the absorp¬ 
tion of heat. A convenient feature of the 
direct compensation method is that the result 
is obtained by a single observation, but it i.s 
generally desirable to interchange the cups at 
ea< If observation. The rapidity ^f working 
is a‘great, advantage when a variable like 
siyishine is being imlisured. since an observa¬ 
tion can be made in ab<#.it •me and a half 
minutes. The most convenient method of 
observation is to set the. current at a suit¬ 
able constant value, such as 0-2 ampere, 
corrcspondiiTg to nearly J calorie per square 
centimetre per minute, and to observe the 
defied ions of the galvanometer, which are 
proportional to the change in the intensity of 
radiating. The instrument is almost perfectly 
compensated for changes in the surrounding 
temperature, and it quickly reaches a final 
steady deflection. A disadvantage is that the 
increase of the Peltifr effect per 1° C. for the 
couples employed is nearly -0001 volt in 
00150 volt. It. is necessary, therefore, to 
read the instrument temperature to about 
0*t° C. in order to obtain an accuracy of 1 in 
1500. 


2 z 
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ILL Instruments for measuring the ! 
Distribution of Energy in the 
Spectrum. 

The ^measurement of the distribution of ; 
energy in the spectrum of U hot obj^et f | 
presents considerable practical difficulty on j 
account of the low sensitivity of all the j 
instruments hitherto devised for tho pur- j 
pose. It is only in the case of the sun : 
and the acetylene flame that' it has been i 
possible to measure the t distribution right j 
through the visible to the ultra-violet (0-36/x); 
in other cashes the woik has been confined 
to the infra-red, c where the' "energy is a 
maximum. ' 

§ (18) Bolomktriu Appliances for Solar 
Work. —As far back a4' 1881 Langley invented j 
the bolometer and applied it with masterly 
skill to the mapping of the energy in the solar 
spectrum, and his work in connection will be . 
referred to in Sect ion IV. 

Langley’s instrument was not taken up by 
mete mdogists on account of the delicate 
manipulation involved, and it is only within 
comparatively recent years that a biKo meter 
has been evolved capable of use in routine } 
meteorological observations. • 

This development of the bolometer 1 is due , 
to Abbott of the Mount Wilson Astrophysieal \ 



Km. 14. 


Observatory, an,d the instrument is illustrated i 
in Fig. li. ' ‘ 

§ (10) Abbott’s Form of Bolometer.— j 
The working part of the instrument consists I 
of a thin strip of platinum P, about 12 'mm. j 
long, 0*0(5 mm. wide, and its thickness may he ( j 
best estimated from tho fict that its electrical i 
resistance is ah >ut*>4 ohms. For the sake of j 
symmetry of conditions a second strip of i 
platinum, as nearly as possible like the ab- ! 
sorbing strip, but shielded from radiation by i 
a diaphragm, forms the second‘ arm of the j 
Wheatstone bridge. The two platinum strips • 
are blackened by camphor smoke. The third | 
and fourth arms of the bridge consists of two j 
equal coils. ^ 

Special precautions are necessary fur the j 
avoidance <4 uncertain contacts, thermal ! 
effects, and for protection from air currents, \ 
etc. 

For work with the bolometer it is necessary j 
to employ galvanometers of greater sensitivity 
than those ordinarily available for routine | 
work. A suitable instrument is one whi h *1 

* Annals of the Astrophysieal Observatory, ii. 28. 1 


will respond to a current of 10- 11 ampere with 
a period of 10 seconds and a resistance of 
20 ohms. 

According to Nutting a good bolometer 
outfit should be capable of measuring a radia¬ 
tion flux of one millionth watt per square 
centimetre, and must measure within 1 per 
cent a flux UK) times this amount, i.e. 0-0001 
watt per square centimetre, which is roughly 
equal to the radiation from an ordinary 
'Candle at 1 metre. 

Although this is a fairly bright illumination 
as judged by the eye, it must be remembered 
^hat the normal eye is vastly more sensitive 
in the visible spectrum than the most delicate 
bolometer. 

§ (20) Tiie Thermopile. — The multiple 
junction thermo-element has been developed 
by Rubens and others into an instrument of 
eonsideratle accuracy for spectral work. 

By careful construction a multiple element 
radiometer can he made whose sensitivity is 
roughly one-tenth that of a high-class bolo¬ 
meter, and it has the advantage of being more 
convenient to use than the bolometer. 

A modern type of thermopile 2 is shown in 
Fig. 15, the elements of which are bismuth 



and silver. The pile consists of about twenty 
junctions arranged in the receiver so that the 
junctions lie in a straight line and slightly one 
behind the other, so that it is impossible for 
radiation to pass through the pile. The cold 
junctions occur alternately on either side of 
the hot junction and are protected from 
external radiation. 

An instrument based on the same principle 
as the {\bovc is the Boys radio-micrometer. 3 

The active part of the instrument consists 
of a very light circuit composed of a single 
loop of fixie silver tfirc the lower ends of 
which arc joined by a pair of very light 
bars of two alloys giving a large thermo- 
electromotive per degree. These bars form 
a thermo-electric circuit and radiation is 
/eeeived on the lower junction. The circuit 
is suspended' by a quartz fibre in tlif field of a 

2 ("ohlcr-tz. Bulletin Bureau of Standards, U.S.A., 

iv. :WI; ix. 7; xi. 131. • 

3 See “ Haclio-mlcrometcr.” 
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permanent magnet. The general arrangement 
of a modern form is illustrated in Fig. id. 



Fio. 10. 

§ (21) Niruoi/s Radiometer.— Nichols in 
some, of his work on the dispersion of various 
bodies for rays of very long wave-length 
employed a modified form of Crookes’s radio¬ 
meter. 

In Niehol’s instrument the vanes are sus¬ 
pended by a quartz fibre about 0-5 /t in 
diameter, and the angle through which they 
are turned from their position of rest 
measured by the excursion of a spot of light 
reflected from a very small mirror. 

The instrument is shown diagrammatic-ally 
in Fig. 17. The vanes are made of the thinnest 
mica, 1 mm. by 4 mm., blackened. The whole 


that of a high-class bolometer, but the period 
is much longer. 

The radiometer gives w?U defined readings 
with little creeping at the 
maximum deflection and 
but little shift, of zero. 

Tt can be moved about 
Easily, is independent of 
auxiliary apparatus, and 
does not reuuirc skilled 
manipulation 

Its ..lost seriifhs dis¬ 
advantage is the fact 
that the sensitivity varies 
with t he gas*>ressure^ * 

IV. Methods of Ca(,i- 
rration in Terms of 
Wave-lengths 

In order to he abi to 
measure flic indices of 
refraction of various sub¬ 
stances in the infra-red 
and ascertain the wave¬ 
length of the Fraunhofer 
lines in the solar spec¬ 
trum,, it is necessary to 
have means of determin¬ 
ing the relations between the dispersion and 

the. true wave-length. 

• ' 

§ (22) Langley’s Method.— Langley, in his 
work on the solar spectrum, determined tho 
wave-lengths of the absorption bands by the 
following device. 








/ 




\ 

\. 

suspended system weighs but a few milligrams. 
The heavy metal case i^ provided with fluorite 
windows. The sensitivity of the instrument 
is a maximum at about ()•(» mm. gas pressure 
and decreases rapidly for botfi higher and 
lower pressures. . 1 

Experiments slioV that the sensitivity of a 
well-made instrument is nearly as good as 


The rays from the sun were first diffracted 
by a grating and then refracted by a prism, 
and^ivthis way the indices of refraction for 
rays of known wave-length wre obtained ; 
further, the prism served to separate the 
various superposed orders of the spectra 
produced by the grating. A diagram of the 
apparatus is shown in Fig. 18. A beam of 
sunlight from a heliostat falls on to the concave 
Horror M, which focusses it upon the slit S 
of a concave grating apparatus. This slit, is 
protected by a plate of iron, pierced with a hole, 
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which is only a little larger than* the slit. 
From the slit the rays fall upon the concave 
grating 0, which focusses the spectral rays 
on the dotted circle. At X, where the photo¬ 
graphic plate, or eyepiece, is usually placed to 
observe the normal spectra, there is a second 
slit, which forms part of a prism spectrometer, 
•of which the lenses are shown and the prism 
at P?‘ The second lens focusses the image of 
X upon the bolometer at B ; the arm carrying 
the bolometer rotates round a Ventre under 
the prism, and there is arf arrangement for 
always keeping the latter in the position 
of minimum deviation. The readings of the 
angle of deviation pfeduced by the prism can 
be re.fd accurately to f minute of arc. The 
grating was one ruled by Howland, with 18050 
Ijnes (142 to the millimetre) on a spherical 
mirror of MW metre focus. 

§(23) Interference Method. — In 1847 
an interference method was devised by jfizcau 
and'Foucault for determining wave-lengths in 
the visible spectrum. About twenty years 
later VVIouton applied a similar method to the 
infra-red end of the spectrum. 1 

Reference must be made to the following 
memoirs for a detailed description of the 
method: Complex Rendas, 1847, xxv! 447; 
Ann. ('him. Phy*. 9 1871) (5), xviii. 14.3. 

The writer desires to record his indebted¬ 
ness to Mr. R. S. Whipple for perminsion to 
draw' upon the material contained in his 
paper read before the Optical Society. 

e. a. g. 


RADIATION 

Radiation viewed from the Aspect of 
Meteorology, the Determination of 
the Constants involved, the Absorp¬ 
tion of Radiation by the Air and by 
Water Vapour, and tiie Meteoro¬ 
logical Effects of Radiation. 

§ (1) The Solar Constant. The whole 
science of meteorology depends closely upon 
radiation, for wjthopt the radiant energy thl.t 
comes from the sun there could be no meteoro¬ 
logical phenomena, no climate, no sequence of 
weather, no rain, snow, wind, or storm ; indeed 
a study of the weather is simply a study of solar 
energy as it passes through its various forms 
from the time it enters the earth’s atmosphere 
as radiant heat and light until it is radiated out 
to space in the form of the long wave radiation 
of the earth and atmosphere. ' 

Our first inquiry is naturally the amount of 
heat received from the sun, the value of the 
so-called solar constant* This is not the 
amount that is received at the surface of the 
earth, because the air intercepts some portion 
of the energy as it passes through and reflects 
back another portion, nearly half probably, iqjo 

1 An outline of the procedure adopted is given in 
Italy’s Spectroscopy. 


space. 'Plie solar constant may be defined as 
the amount falling ip unit time on a unit 
surface that is exposed perpendicularly to the 
unimpeded radiation from the sun. The value 
now generally accepted as approximately 
r ,correct is that obtained by Abbot, and Fowle 
! and is a little under 2 gramme-calories per 
! minute per square centimetre (“Radiation, 

| Measurement cd Solar ”). That is to say that 
if the solar heat at a place where the sun 
i5‘ in the zenith were entirely absorbed by a 
horizontal layer of water 1 cm. thick placed 
at the outer limit of the atmosphere it would 
! rijise that water nearly 2° ('. in temperature 
in one minute. This is the mean value : the 
| actual radiation varies between January and 
July by as much as 0 per cent because the sun 
is a Dalle over 3 per cent nearer the earth on 
January 1 than on July l, and the intensity 
of the radiation varies as the inverse square 
of the sun’s distance. 

I There is also reason to think that the amount of 
the radiation is not really a constant- apart, from tins 
sun’s change of distance but that it may vary with 
the sunspot period. Tt has been held thal the energy 
radiated should be greatest at the time of the sun- 
: spot, maxima, but Dr. (I. T. Walker has obtained the 
correlation eoetlieieuts between the number of sun- 
\ spots and the mean temperature at MH) stations, 

1 and it appears from his work that the correlation 
is mostly negative. It might well happen that owing 
to a casual deviation the majority of the coefficients 
might he negative, but the mean value of the co- 
ellicients ( Ct) though small is still large enough 
j^to be significant, and 77 are negative. Now 
; 77 out of 100 is beyond the range of a casual 
: percentage in a sample of 100, so that, the investi¬ 
gation shows that the earth is cooler at the times of 
: sunspot maxima (“Correlations in Seasonal Varia- 
| lions of Weather.’’ Memoirs of the /mlion. Miteoro- 
• ioffical Department, vols. xx. and xxi., by Dr. («. T. 
Walker, F.H.S.). 

| (i.) Method of deter min inej the, Value, of the 

Constant .—The difficulty of determining the 
« solar constant is readily apparent, for it is 
obvious that a radiometer to measure it can¬ 
not, be placed at the outer limit of the atmo- 
I sphere, the only place where ihc quant ity to be 
j measured is to be found. It. follows that the 
I value must be inferred from t/ie quantity left 
! after the soltir rays liav'c passed through con¬ 
siderably portions of the earth's atmosphere 
I and thereby lost some part of their energy. 
Now if the loss of energy were simply propor¬ 
tional to the mass of*air through which the 
rays had passed & would be easy to measure 
the radiation reaching the earth after the ruys 
had passed through a mass of air equivalent 
to, say, one, two, or t-iiree atmospheres. The 
values so obtained would give the loss per 
atmosphere, bnd this loss added to ho value 
K at the earth’s surface for a vertical sun 
would be the value of tho solar constant, for 
the rays from a sun exactly overhead pass, of 
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course, through one atmosphere in reaching the 
earth. 9 

However the rule is not so simple' as that 
supposed above; the same mass of lair does 
not absorb the same quantity of heat fr*mi 
the solar rays passing through it in the lower# 
part as in the higher part of the atmosphere, 
because in the lower part the actual streun 
of energy is less, some of it having been lost 
above. But we may assume, to begin with, 
that the same proportion of the energy diTe 
to a certain wave-length is always absorbed 
by the same mass of air, and this leads to the 
formula given below. 4 

Let radiation equal to A per square centime ire 
he entering at right- angles a layer of air of mass in 
per sq. irn and let a proportion p of it ho absorbed, 
itn amount (I />) A will he left. Of this p( 1 p) A 
is absorbed by tlio next layer and (1 p)' 1 A is left j 

Then after u such layers have been passed I lie amount- 
left. B„ let us say, will lie (1 - /d"A. The amount, i 
a In >r bed will be A - l?„. Cal! this q A and note 
that it is absorbed by a stratum having a mass of 
inn per square em. Then we have 

®A-A -B„- A - (I -p)"A, 

.'.I f/ tl yd". 

If v he a large number heavy multiplication will 
b*’ mpiired in using Ibis formula, but it may be 
avoided by taking logarithms. Thus 

log (! -/d - 1 log (I 7). ... I. 
n 

Further, if the original stratum lie very thin, then p 
will lie very small and log,. (1 p) may In' taken 
equal to -p, 

■ ]• ^ l<u- ( 1 •/). 

I* I I ,, 

*'• V » 

Equation 11. may be written in the form 
1 q - e-"i‘ 

or 13,, Ac-"/', . . .III. 

where A is t he incident energy and B„ is t he 
energy t hat-emerges after purity* through a mass 
nni of air, provided that the pencil of radiation 
is of one sq. er^. cross-section; hence by suit¬ 
ably choosing t he unitsfwe may write B .-= Acr w *', 
where in is the mass of air passed through. 

By the use of t his equation we are theoretic¬ 
ally in a position to determine the solar 
constant A, for B is *the a mom* of energy 
directly measured by a • radiometer. We 
proceed thus. Make an observation when the 
sun is in the zenith and let Bj be the val.io 
observed. Make a scAmd observation when 
the sun is 00 3 from the zenith and let flie 
amount be B ;> . In tint* first case«the rays have 
passed through a mass of air equivalent to, 
one atmosphere; iri the second ease, as will 
bo easily soon by drawing a figure, the rays 


have paftsed through very nearly two atmo¬ 
spheres—it would be exactly two if tin- earth 
were flat instead of spherical. Hence we have 
the two equations B, A and*B 2 — 
jyid since B, and B., are known.•the two 
equations contain only two unknown quant itics, 
namely A and the product nip, and therefore 
(these can he determined and A the solar 
eon: taut found. * * 

But in practice the matter is not so simple 
and.many (./Hieulties are encountered. Apart 
from •! furtiier complication to he mentioned 
presently .he value of p is not the same for 
different parts of the solar spectrum, and the 
value of A csiinot be obtained as a lump sum ; 
but A must be separated out into lining parts 
corresponding to different. wave-lengths, each 
part must he obtain* <I separately and thqp 
iue total addl'd lip. • This involves extra 
observational difficulties, because a prism or 
a grating must be used to separate out the 
different wave-lengths. Then again p haft not 
the same, value for the upper as for the lower 
parts of the atmosphere. There is somethin ht- 
whether p does not depend on the pressure, 
but however that may be p depends upon the 
amount of water vapour present in the air, and 
the valour is concentrated in the lower strata. 
Thus the formula B -Ac - ’"'' is not rigorously 
exact, since it was obtained on the supposition 
that /) Js a constant. Some allowance can he 
made for this by using values obtained from 
mountain stations where the effect of the lower 
third of the atmosphere is cut out. 

It must also lx 1 noted that observations on 
t he solar radiation with different altit tides of t he 
sun eaiyiot be obtained simultaneously at the 
same place, and during the nct^ssaiy interval 


of time the conditions may*have altered. If 
one could he sure*that there was no systematic 
change of condition with time the casual varia¬ 
tions could bo eliminated by taking the average 
of if large number of observations, but the value 
of p is known to change during the day, for 
t^ie maximum of tWe solar radiation reaching 
t he earth is not as well nfttrkftd at noon, when 
the sun is highest, as it ought to be, since the 
curve is almost flat during the midday hours. 

(ii.) Value, of the. Solar Constant .—There 
is not spa^ to set out in detail how these 
difficulties have been met, it must suffice to 
say that Abbott and Bowie, 1 after long and 
careful work, have given the value of the 
constant as MW gram me-ra lories per square 
centimetre per minute, and their value is 
generally accepted by those most compet ent to 
form an opinion as reliable. For meteorological 
purposes, avoiding decimals, wo may take it 
as 2 g.c. It will be shown further on that the 
value of the constant can barely exceed 2 g.c. 

1 See “ Solar Constant, Measurement, of,” Abbott 
und Fovvle, Annals of the Astro physical Obser rat ions 
of the Smithsonian Institute, Washington, 1008, ii.; 
1913, iii. 
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To obtain the mean for the surface of the 
earth we must divide by 4, .since the whole 
surface of the earth, assume! to be a sphere, 
is 47rr 2 , and the Hat surface on which the same 
pencil of».solar rays would fall perpendicularly 
is nr 2 . Thus the mean value is •;> g.e. per sq. 
cm. per minute. For meteorological purpose's 
a more convenient unit is the day, and thor 
valuS -d g.c. per minute gives 720 c.g. per sq. 
cm. per day. In other units this is 3009-0 
joules per sq. cm. per day, or 34 r -8 milliwatts 
per sq. cm. The following approximate equi¬ 
valents are useful, but it must be remembered 
that nearly Ifalf of the solar heat is reflected 
by the atmosphere afcd does no if/5eful Work. 

The *11 verage solar heat received at the outer 
surface of the atmosphere per day is capable 
of raising by 1° (’. the tem]>erature of a layer 
of water covering thf; whole earth 720 cm. 
thick (23-02 ft.), of melting a layer of ice 9 cm. 
thick (3-54 in.), of evaporating at atmospheric 
temperatures a layer of water 12-2 mm. thick 
(-48 in.). It would raise the temperature of 
the whole atmosphere about 3 ('., or if the 
whole supply took the form of kinetic energy 
it would impart to the air a velocity'*of 33 
metres per second (73 miles per hour). 

It may be added here that fclu* maximum 
energy of the solar radiation occurs at a wave¬ 
length of about *r» fi (fx ~ -001 mm.). 

§ (2) The Constants of Atmospheric* 
Radiation, (i.) tiffed ire Radiation .—In con¬ 
sidering the meteorological aspect of radiation 
it is desirable to know the quantity of radiant 
energy that a given mass of dry air at a 
definite temjierature and pressure can give 
out. So many difficulties are met yvith in 
determining 1*jis quantity' and the figures 
that have been g ; ven are so discordant that 
no attempt can lie made at*the present time 
to give authoritutive values. By “ dry air ” the 
mixture of the permanent gases of the atmo¬ 
sphere is meant; the effect of water vapdur, 
which is very important, must be considered 
separately. Of the periiufticnt gases carbonic 
acid, though sikall'as a jx*rcentage of the 
whole, has most effect on the radiation. 

Consider, then, the radiation from one 
gramme of dry air. But firstly, since great con¬ 
fusion has arisen from neglect of this point, what 
is meant by radiation must lie clearly defined. 
By the theory of exchanges a t>ody is giving 
out tho same radiation whatever be the nature 
of its surroundings, the c hange fronts an en¬ 
closure at the temperature of liquid air Uf one 
at the temperature of boiling water makes no 
difference, so long as tint condition of the radiat¬ 
ing body itself remains unchanged. Radiation 
is used in this sense in the following remarks. 
But the temperature of the surroundings 
makes a great difference to the radiant energy 
received by the body and therefore to ifs 
change of temperature, which depends on tho 


difference between what it is giving out and 
what it is receiving. This difference has 
loosely been called “ radiation ” in some cases. 
It is measured by tho change of temperature 
it causes and in the following remarks it i3 
r .called “ net ” or “ effective ” radiation. 

(ii.) Radiation from the Air. -Consider then 
a gramme of air and assume, jus wo may 
do with so small a unit, that the radiation 
given out by one part of it is not absorbed 
1/y any other part. Such a mass of air is 
giving out radiation equally on all sides, 
upwards, downwards, horizontally, and in ail 
iiytermediate directions. In this respect its 
radiation is unlike that of (lie sun, where the 
rays that reach the earth are in one direction 
only. It is required to measure this radiation 
and there are various ways in which an attempt 
to do so can be made. We will consider the 
meteorological methods. If the gramme of 
air could be placed in such a position that it 
was losing heat by radiation alone and wc 
could measure the rate at which its tempera¬ 
ture was falling, we should, knowing also its 
temperature, be able to find the constant in 
question, for tho mass multiplied by the specific 
heat at constant pressure, multiplied by the 
fall of temperature, gi\cs the loss of heat, and 
this is equal to the net loss by radiation in the 
same time. 

No small mass of air is precisely in this 
condition, but the lower strata of the atmo¬ 
sphere, say, for example, the stratum lying 
between the heights of one and two metres 
'above the ground, cool rapidly on still, clear 
nights, and tho rale of cooling can be 
measured. On the assumption made that the 
cooling is entirely due to radiation, an 
assumption that, as we shall show below, can 
hardly be justified, the rate of cooling gives 
the net radiative loss from the stratum. But 
to determine the constant the actual radiation 
is required, if the curve for a still, clear 
i night given by an ordinary thermograph be 
examined, a rapid fall of temperature about 
the time of sunset will bo noticed, and it will 
lx* seen that the curve seems to approach a 
horizontal asymptote. Tho temperature de¬ 
noted by this asymptote ifl ( taken ns the 
equivalent radiative temperature of the 
surrounding stratum of air, and from a 
knowledge of that temperature and tile 
constant of radiation the whole radiation 
from the s4ratum can* be determined. But 
it must be remembered that the vertical 
component is the only effective radiation, 
and this occurs from both sides of the stratum, 
it is directed upwards'-as well as downwards. 
Tlfe horizontal component is not effective, it 
is only the interchange (if equal quantities of 
^radiant energy liotween bodies at the same 
temperature, i.e. between .different parts of 
the same stratum. 
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The method is not satisfactory (vide a paper by 
Lieutenant-Colonel (lold, 7^ Met. floe. ./. vol. xxxix. 
No. Jt)8, p. 253), and the reasons for this are prob¬ 
ably twofold. t 

The assumption that the air is changing its tempera¬ 
ture under the action of radiation alone is a v&y 
doubtful one. Tn England at least very low tempera- (l 
tures at night, do not occur unless there is a good cover¬ 
ing of snow on the ground, and preferably of light 
fleecy snow. Thus at Henson. •Oxfordshire, on 
February 5. 1917, at I a.m. the thermometer stood 
at 28 F. with a cloudy sky end 2A inches of liglft 
freshly fallen snow on the ground. Hy 7.30 a.m. 
the sky had cleared and the temperature had fallen 
to -4° F., both temperatures being scree,» tempera¬ 
tures at 4 feet above the ground. It seems ve/y 
unlikely that this unusually low temperature, whivh 
is not likely to occur once in fifty years, and the 
equally unusual rate of fall, were due entirely to the 
special radiative quality of the air on that mottling ; 
it is much more likely that it was in largo part due 
to the snow forming a non-conducting blanket to 
the earth and so preventing the heat stored in the 
earth from maintaining the temperature of the air. 

If this be, so, then under ordinary circumstances 
part of the change of temperature in the stratum 
considered depends on the heat llow from the ground. 

The second reason is this. If tiic radiating power 
of the atmosphere, which we may call the emissivily, 
is large, so also by Kirehuff’s law is the absorbing 
power; hence if the air is giving out. much radiation 
it is also absorbing the radiation from the ground and ! 
the neighbouring strata freely, and the result of an 
increased emissivily is not. very marked on the net I 
radiation. It follows that any error made in estimat- j 
ing the net radiation and expressed as a percentage 
error is largely increased when expressed as a per¬ 
centage error on the emissivity. • 

But the method lias one advantage. The 
amount of water vapour present in the layer 
of air, the radiation of which is being observed, 
is known, amf this amount may have an im¬ 
portant iulluence on the result. 

There is a second meteorological method j 
which on the whole is more satisfactory. A j 
radiometer is list'd which gives the net loss of j 
energy from a black surface to the sky at night, j 
By the Stefan-Boltzmann law that the actual j 
radiation is proportional to the fourth power 
of the temperature, measured on the absolute j 
scale, and a knowledge of St*efan’s constant., 
the whole radiation from the blackened surface 
is known. Subtracting from 4his the net 
radiation that is measured by the ra^liometer 
wo obtain the value of the return radiation 
from the sky. For England with a clear sky 
the average for this (fuantity lie* somewhere 
in the neighbourhood of 500 gramme-calories 
per day. We know within about 1° 0. the 
mean temperature of the air over Eng la. id 
up to a height where the pressure is loss than 
50 mb., and the emissivity must be such 
that total downward radiation may 

agree* with the observed value. By this # 
means an approximate value can be calculated. 
Mr. L. F. Richardson, using some observations 


—■-*---•— 

by A. Angstrom, made on Mount Whitney? 
California, on a clear dry night (Aug. 11 , 1013 ), 
has calculated that a layer of dry air equi¬ 
valent to an additional pleasure one milli¬ 
bar absorbs -00151 of a pencil of hyig-wavc 
radiation pacing through it perjiendicularly, 
llis precise statement, is “the absorptivity-per 
density j may be defined by the statement, 
that a fraction jpSl of incident parallel radia¬ 
tion is absorbed in passing through a length 
51 -4. dry ch »r air, where j- 1-48 x 10~ 3 (cm. 2 
gnu.-H ’ (11 eaihor Prediction by Numerical 
Process, O mb. Press, pp. 50 and 54). 

Tflo calculation is to some extent uncertain 
because the• radiation coming from all 
directions. The raduftion for the same*small 
solid angle falling on a surface perpendicular 
to the rays is least- ter the zenith, greatest 
f..r a horizontal direction where it reached 
the full radiation from a black body at the 
temperature of the a*.’ at the surface. 

A better way would be to make observations 
on the radiation from the zenith alone and 
base the calculation on them. Some enerva¬ 
tions have been made at \l?e Meteorological 
Office Observatory atJBenson, but lead to no 
definite conclusion. 

The objection to this method is that the water 
contents of the atmosphere lying above the place of 
observation are in general unknown, and have to he 
inferred from the vapour pressure at the surface at 
the time of observation. Such inference is unsafe; 
it may bold for average conditions, but is doubtful 
for the individual ease. 

Much uncertainty prevails jus to the value of the 
absorption coefficient, for air containing given 
quantities of moisture both with regard to solar and 
terrestrial radiation. It is almost ^certain that in 
the case of long-wave radiation the coefficient 
increases with increasing moisture, and Anders 
Angstrom in the paper quoted above found a elose 
connection between the effective radiation at night, 
and the humidity at the place and the lime. With 
regard to solar radiation the readings of the black 
buln thermometer in vacuo obtained by Scott’s 
fy-st expedition to theflntaretie were very high even 
when compared with similar instruments in the 
tropics. This may have In-en due to diffuse reflection 
from the snow and ice, but it seems more likely and 
more in accordance with other experience to suppose 
that the low^emporature insures a low water content 
in the overhing air and that, therefore, more solar 
radiation is transmitted notwithstanding the low 
altitude of the sun. 

It njny bo added that the wave-length of 
martimum energy for the earth’s radiation is 
about 10 p. (*0l mm.). * 

§ (3) The Effect of Radiation rroN 
Atmospheric TemPeraituks. (i.) Tempera¬ 
ture Distribution .—The part played by radia¬ 
tion in the distribution of temperature in the 
vertical direction in the atmosphere is more 
<fr less uncertain, as so many other factors 
are involved, but it must bo considerable. The 
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tacts about thin distribution as they have been The next quantity in the course of the radia- 
established by observations in the last twenty tion that can be measured is the amount of 
years are these. solar energy failing on a square; centimetre 

There is * steady fall 1 of temperature with of the earth’s surface. Self-recording instru- 
height, failed the lapse rate, up to a certain mints to measure this are in use at various 
level, and above that level the' temperature stations, but they are not suliieiently numerous 
remains nearly constant up to the greatest to give a mean for the whole earth. The 
r ,heights that have been reached, that is ty amount naturally depends on the latitude ; 
abo«*t 20 kin. or I2j, miles. the value for* London, which includes tlu> 

The lower part of the atmosphere, called scattered solar radiation from the sky, is about 
the troposphere, in which the 4ap.se ra.to is 200 g.e. jmt day (195 for a three years’ average), 
found, reaches to about lO o'km. in the # latitude In Washington the value is about ,‘150. 
of England, but to lt> or more kilometres over Washington is in latitude 38-53, and half the 
the Equator/ It is in general sharply diiferen- earth’s surface is included between the latitude 
tiated from the upppr part, called the strato- of 30 N. and 30 S. Washington ought,therefore, 
sphere, which is often L few degrees warmer to receive less radiation from the sun than the 
than the top of the troposphere. The height general mean value which at the outer surface 
of the bounda rv varies 'with the latitude, being of tly? atmosphere is taken as 400. If the 
greatest in the equatorial and tropical regions, mean at the earth’s surface is more than 350 
lowest in high latitudes. Tlu.* temperature a very snw-dl quantity is left for the amount 
of the stratosphere a Do depends oy the absorbed by the air. This is one of the many 
latitrido; it is as low as SO (_'. over the discrepancies that are at present unexplained. 
Equator, blit 30 higher or 50 C. about over This amount, the heat given to the earth's 
England. Thus the lowest natural tempera- surface by the sun, whatever if may be, is 
turns ever observed are not found in the polar given hack to the air, but only partly in the 
regions, but high up oyer the Equator* win*re form of radi.ition. The solar rays on reaching 
solar radiation is most intense. j the earth take the form of heat, and this heat 

(ii.) Solar Radiation. — Wo can to* some passes back partly by contact with the air, 
extent trace the radiation from the time it for, on the whole, the mean temperature of 
arrives from the sun until it is radiated the earth’s surface is above that of the air 
back as long-wave radiation from Rur earth in contact with it.; partly by the evaporation 
and atmosphere to space. It is estimated of water from the surface and the return of 
that from one-third to one-half of the solar j the heat required to evaporate the water as 
energy is reflected by diffuse reflection from i latent heat where the vapour is condensed to 
the clouds and air, and is therefore without •'form rain or snow; and partly by the net or 
effect so far as the earth is concerned. Taking effective radiation from the earth to the sky. 
the value of the solar constant as -5 gramme- (iii.) Radiation from the Earth .—This latter 
caloric f>or iflinuto as the average amount quantity seems to have been Jirst. measured 
that, falls on 1 square centimetre parallel to by Maurer in 1887. A more recent and very, 

the earth’s surface at the ouVer surface of the I valuable determination was made by Anders 
atmosphere, this drives 720 g.e. per day, <>f j Angstrom at. Bassour in Algeria in the summer 
which we may suppose 320 are reflected and | of 1012, and in California in 1013. The 
the remaining 400 used in warming the*• air following values are adapted from Angstrom’s 
and the earth’s surface. Obviously what, is , paper (“A Study of the Radiation of the 
received from the sun mufft be in the long-rqp Atmosphere,” Smithsonian M isrdlancous Col- 
radiated out agriCn, <*nd hence we have about I lections, vol. Ixv. No. 3, p. 1(5) : 


Observer. 

Date. 

Place. 

Height.. 

Mean Value. 

Maurer 

.Tune 

Zurich # 

*• feet. 

1,524 

g.e. per day. 

184 

Pemter 

l-Vb. 

Sonnbliek 

10,150 

280 

Printer 

Feb. 

Sonnbliek 

10,150 

217 

ilomer 

Aur. . 

Lojosec 


245 

Kxner 


t Sonnbliek 

10.200 

274 

K. Angstrom i. 

May to Nov. 

T’psala 

000 

223 

I.o Sunk) . 

Sept. 

Naples 

08 

202 

A. Angstrom . 

July to Sept. 

Algeria. 

3,530 

250 


Net radiation from the earth toThe sky on clear nights. 


r c * 

400 g.e. per day radiated to space by the t Considering that these values are obtained 
earth and atmosphere. ' by the use of different instruments at different 

1 See “Atmosphere, Thermodynamics of,” §(- r >). heights and temperatures there is very good 
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agreement. They do not represent the general 
average because they # were made on nig}its 
selected for their clearness; on cloudy nigut.s 
the net radiation is very small; <fn a few 
occasions now and then it may even* be 
negative. The general average for the whol^ 
earth and the whole year is about UK) g.c. 
per day. The radiation is going on by day 
just as by night, but by day* if a black body 
is used to measure it, it is influenced b} 
diffuse radiation from the sun. If a boftv 
like glass is used, which is pervious to those 
solar rays which have already passed through 
the atmosphere, the net long wave radiatnn 
by day between the glass and the clear ;ky 
is plainly apparent. 

It has already been pointed out that this 
net radiation is simply the difference between 
that which the earth is giving out and that 
which it is receiving from the hemisphere of 
sky. it has been found that at ordinary 
temperatures both the earth and sea radiate 
very nearly as full radiators and at 283 a., 
the mean temperature of London, a full 
radiator gives out 71 1 g.c. per sq. cm. per day. 
Assuming the out ward radiation to he about 
100 g.c. per day, this loaves for England 
about 000 g.c. as the return radiation and 
reflection I nun the air. Observations made at 
.Benson on the radiation from the sky agree 
closely with this value. 

The further course of the radiant energy 
cannot be measured directly, but it may be 
inferred, as stated above, that about 400 g.c. 
per sq. cm. ]H'r day leave the outer limit (If 
the atmosphere. Stellar and planetary radia¬ 
tion and the amount of heat coming from the 
interior of the earth are, com pared with the 
solar radiation, so small that they may be 
neglected. 

(iv.) Transference of Ileal .—The question 
naturally arises as to what part radiation 
plays in the curious distribution of tem- 
jxuature in the vertical direction in the* 
atmosphere, but no certain conclusion can be 
reached. Heat moves vertically in ihe 
atmosphere by three other means besides 
radiation. These means are*(l) convection, 
by which heat is disseminated upwards. 
This is notably the cane when th% solid surface 
of the earth is warmed by st rong ^sunshine 
and an adiabatic lapse rate established above 
it for a few hours in the afternoon, extending 
upwards to perhaps trwo and vc$y rarely to 
three kilometres’ height. «lt is also the ease 
in thunder-storms and torrential rains, but 
these phenomena are the exception and n >t- 
the rule. Secondly, lay the latent heat of 
condensation, when' the water vapour formed 
by evaporation of vv^tcr at the garth’s surface 
again becomes water in the form of clouds, 
and rain. This (jerries the solar heat from 
the earth to the strata where rain is formed. 


• t 

In ternfierate climates this is from one to 
three kilometres' height, more in the tropics. 
The precise amount of heat so carried is easily 
calculated when the rain "all is kifowri. 

# Ihe third process is not so easy*to follow, 
and it carries heat downwards. Owing to the 
action of the wind a continual interchange of 
• masses of air between different levels is always 
in progress. The process has beeh ’called 
“mixing,” “stirring,” “ turbulence,” and, in 
(Vu.ian, “'-dassenaustauseh.” Inasmuch as 
the p'ientiai temperature (that is the tempera* 
tu^j alter the air has been brought adiabatic- 
ally to a standard pressure) in general increases 
with height*the interchange of air masses in 
a vertical direction itiust cause a flow^if heat 
downwards. It is obvious that thoroughly 
mixing the atmosphere would produce 
adiabatic lapse rate thdmghout, that is, would 
raise the temjK'rature of the lower strata and 
l«»wqp that of the upper. The numerical 
measure of this How of heat is uneertaTn ; it 
must vary widely under different circumstances 
and with height: Dr. W.JSphmidt of A’ienna 
gives it as fit) g.c. per day per sq. cm. at two 
kilonfbtrcs for Europe (•* Dor Masson Aus- 
Liusoli boi der ungeordneten JSlrbmung in freer 
Luftnind seine I\;!gon,” Afoul. 11' iss. \\'im 
Her., Abteilung 11a, 120. Band, 0. lleft, p. 2d). 

Since no systematic change of temperature is 
taking (place in any stratum of the atmosphere 
the total flow of heat across concentric surfaces 
of equal pressure or equal altitude must for the 
year and for the whole earth be zero. This is 
probably tine also for any sufficiently extended 
area such as Europe, and for periods such as 
a coiipjp of months or so at times when the 
seasonal change ol tempera! lire & small. Tims, 
if we could sum up the total flow of heat due 
to the three causes enumerated above, the 
balance required to equate the value to zero 
would be the amount due to radiation. Now 
all’three causes bring boat to the lower strata, 
say 0 4 km., so also does solar radiation, 
police the layer ofOiir from 0 to (» km. must 
lie losing more heat i\\> own radiation 
outwards than it is receiving from the radia¬ 
tion of the earth and the layers above it. 
This is confirmed by a theoretical investigation 
dealing with long wave radiation (see H. 
Met. Soe. J. vol. xlvi. No. 104), according to 
which the lower strata from 1 to d km. are 
some 20° C. above their radiative equilibrium 
tempo $iture. 

/Jbove six kilometres neither convection nor 
the condensation of vapour can bring much 
beat to the atmosphere, and hence the flow 
of heat downwards from these strata due to 
mixing of masses of air must be balanced 
by the supply of heat by radiation, solar and 
long wave, to the upper strata. Since the 
iTiixing must, tend towards a purely adiabatic 
lapse rate throughout the atmosphere, and such 
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a rate is never reached for any extensive area 
or time, the effect of radiation taken alone must 
be towards a more isothermal condition than 
actually exisfs. Probably radiation produces 
the isothermal condition of the stratosphere^ 
but why there should be so distinct a division 
between the troposphere and stratosphere is 
irot apparent. 

§ This Effect of Radiation upon the 
Mean Temperature of the Earth and upon 
Climate, (i.) Temperature of tffa Earth. — 
The earth must radiate out Exactly the same 
heat that it receives from the sun, and it is # an 
interestin'* but difficult problem to ascertain 
at what precise meafi temperatifro this will 
occur. ‘The Stefan-Boltzfnann law of radiation 
states that the intensity of the radiation from 
a/ull radiator, very commonly called a“ black 
body,” is proportional* to the fourth power of 
its absolute temperature. The earth and sea 
have been found, by experiment, to radiate 
almost as freely as a full radiator, and the 
mean temperature of the earth’s surface is 
not faf from 28S°^absolute, at which tempera¬ 
ture the radiation to the hemisphere of sky is 
703 gramme-calories p»r square centiluetre 
of surface ]ier day. The solar constant cannot 
exceed, though it may be less than/ this 
amount, which is equivalent f o -520 gramme- 
calories per sq. cm. ]K*r minute as an average 
for the whole earth or 2-12 g.e. per .yp cm. 
per minute for a surface exposed at right 
angles to the solar rays. Abbott and Towle’s 
value is just under 2 uramme-calories, actually 
1-93 g.e. (see § (1) (ii.)). Strictly, we are not 
justified in calculating the earth’s radia¬ 
tion as proportional to the fourth # power 
of the mean fem|)crature ; 'the mean of the 
fourth power of ti e temjwratures ought to he 
obtained, but the error so caused can hardly 
exceed 1 per cent. Abbott and Fowlc state, 1 
and their conclusion is borne out by other 
considerations, that, on a mean for the whble 
earth, a large percentage of the solar heat, 
probably some 37 per cofit, is reflected baejp 
to space and ha#'no'effect. Thus 03 jier cent 
or 481 g.e. ]>er sq. cm. per day are available 
for warming the earth ; but other observers 
tend to reduce this figure. If we take 400 
g.e. per sq. cm. per day effective solar energy, 
this amount must l»e radiated by the earth 
and the equivalent radiative temperature is 
24.7° a. ( -28" C. or -18-4 F.). For .700 

g.e. per cm. 2 per day it would be ^00° a. 
This does not mean that the mean tem¬ 
perature of ttie air is 245° a.-- it is about 
255°—but only that the total radiative energy 
that leaves the outer surface of the atmo¬ 
sphere, excluding reflected solar radiation, 
is just that which a full radiator, at 24.7° a. 
would give out. The difference between 247° 

% 

1 Annals of the Astrophi/sieal Observation of the . 
Smithsonian Institute , Washington, 1908. 


and 288°, the moan temperaturo of the earth, 
is readily explained. very thick layer of 
isothermal gas radiates from both its faces 
as a full# radiator at the samo temperature 
would do. The atmosphere is not quite 
Jhiek enough to meet this condition, though 
| it is nearly so, and it is not isothermal. The 
* best observations 2 show, as we have seen 
j in § (3) (iii ), tlr.at the atmosphere radiates 
j downwards about fiOO g.e., the equivalent 
I ratlintive temperature of which is 271° a. 
i ( -2° C.), and this temperature wo know 
: is the mean at a height of about 3 km. 

Vr- outward vertical radiation above must 
! be much less because the upper layers are at 
I a much lower temperature. Over England 
j the upper fifth part of the atmosphere has a 
j mean temporature of 222° a. Over the whole 
» earth the mean for this upper fifth is probably 
| well below £10° a. A mean of 247° a. is met 
I with a little over half way through the mass 
1 of the atmosphere. Thus there is nothing 
j unreasonable in ascribing as low a value as 
j 400 g.e., the amount corresponding to the 
. mean temperature of 247 J a., to the outward 
| radiation. A ” black ” or *’ grey ” sphere 
subject to solar radiation at the distance of 
the earth should be at a temperature of 
about 284° a., and thus the temperaturo of 
the earth is not far from what might be ex¬ 
pected from first principles. 

1 It has been commonly asserted that the 
j mean temperature of the earth is raised by 
i the sjie-cial property of the atmosphere which 
. transmits readily the short-wave solar radia- 
I tion and hinders the return of the long-wave 
radiation from the earth. This may be so, but 
it is somewhat doubtful. For, in the first place, 
the actual mean temperature, 288° a, does not 
differ appreciably from the value 284° a. which 
apparently would be attained under a solar 
J radiation of 720 g.e. ]>or sq. cm. jkt day if 
■ there were no atmosphere at all. Secondly, 
>if we consider the effect of a layer of air 
I in the upper strata becoming a full ubsorlmr 
j of radiation of all wave-lengths, and there- 
i fore by Kirchhoff’s law a fi ll radiator, it is 
i apparent that it would have a mean tem¬ 
perature of 284° a., for it could have no 
: effective radiation downwards, and the 
temperature of the underlying layers could 
j not on the whole be less than this. They 
i would, in fact, under radiation alone be at a 
temperature* of 284° a.i for they would be in 
| the position of a*, body inside a closed iso* 
1 thermal surface. 

I (ii.) Radiation and Climate .—The effect of 
radiation upon climate is more readily intel¬ 
ligible and does not present so many difficulties 
as the other parts of the subject. ^ 

* 1 Smithsonian Mine. ('oil. vnl. <5.7, No. 3, Washing¬ 

ton, 1917. fiber die UegenstrdZilung der Atmotphure, 
i von Anders Angstrom. 
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At either equinox on the Equator at midday, 
apart from absorption fcy the atmosphere, we 
have already stated that 2 g.c. |>er minute of 
solar energy fall on each horizontal square 
centimetre. The sun is only overhead tor 
a short time, but it is easy to see that the 
average amount ]>er minute through the 24 
hours is 2[ir per minute, or very nearly 016 g e. 
per day. For the equinox in any other latitude 
we must multiply 916 by the cosine of the 
latitude. 4 

But the mean for the whole year in any 
latitude is by no means proportional to the 
cosine of that latitude on account of tb'* 
obliquity of the ecliptic, and using ft tab'e 
by Harm, who quotes Angot, we get the 
following values of the mean daily solar 
radiation for each lt)° latitude circle: • 


Latitude 

! o 

10°; 

20° j 

•30' 

40“ ! 

Mean daily 





, 

l : 

solar radiation . 

1 up; 

903 

865 

806 : 


Latitude 

| 50" ' 

GO 

70 

80° 

00° 

Mean daily 






solar radiation . 

\ 628 

521 

4:54 

303 

S80 


This takes no account of the absorption of 
the atmosphere or diffuse reflection. In 
discussing climate it can hardly matter what 
tilt* absorption is, because it can matter little 
if the heat is communicated directly to the 
air by lxdng absorbed, or indirectly by first 
heating the ground or sea. But the amount ; 
reflected is of consequence, and presumably it*j 
is greater when the rays are oblique. 

The following mean annual temperatures on j 
the absolute scab 1 for each 10° of latitude are ! 
also taken from Harm’s Mcfeorolojy. They j 
refer to the northern hemisphere. 


Latitude 

0 

10° 

! 20° 

30° 

40" 

Temp. Ahs. . 

i 200° 

300 

298" 293” 

287° | 

Radiation per sq. 
cm. . 

SSG 

808 

871 817 


Latitude 

50 a 

60° 

7(f . 

80 ' 

oo 0 ! 

Temp. Alia. , 

270° 

272° 

263 ; 236°, 

253° 

Radiation per s(^. 
cm. . 

672 * 

607 

1 | 

; 531 476 

| 454 | 


! tion per *sq. cm. shown in the second table, 
j Tested by this criterion, the mean temperatures 
| of the polar lrells are distinctly too high, and if 
I the solar heat received in any latitude were rc- 
! dpced to allow for absorption and reflection the 
excess would'*be increased. 11 is also otherwise 
apparent that a large supply of heat musf be 
■tarried from lower to higher latitudes by» 
currents of air and water, but we canhof use 
the figures given above to calculate the amount 
for two realms. The amount of radiation 
from H *' earth and air to space in any localit y 
doe.^ noi depend only on the teni|K‘rature of 
the earth’s surface in that locality, the 
temperature*3f the upperduyers of air and the 
absorbing power of the air come infl) the 
account. Also the absorbing power of the 
air for radiation is different for different 
latitudes on account of the greater water 
contents of the atmosphere in the hotter 
regions of the earth, so that the amounts 
directly received by the earth in each lati¬ 
tude belt are in error if calculated upon the 
assumption of a uniform absorption coefficient. 

However, the dependence of climate upon 
latitude, which means* of course, upon solar 
radiation, is one of the primary fads of 
human* knowledge, and the figures quoted 
above show a certain proportionality between 
the fourth power of the mean temperature and 
the rueaji radiation received from the sun. 

The same rule holds for the change from 
winter to summer, but the three months of 
each season are hardly long enough for the 
temperature to adjust itself to the radiative 
conditions. This is notably the case near 
large bodies of water, and the western coasts 
both of Europe and America frdm 45° to 60” 
N. lat. owe their mild dimatar and their small 
change between Summer and winter to the 
prevailing westerly winds and the large oceans 
to the West. ... .. 
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Below in the third line is placed the radiation 
per day for one square centimetre at the 
temperature shown in tile line abo$o. If the. 
solar heat were strictly confuted to the latitude 
belt in which it is received, that is, if there 
were no convection of heat by wind or watei 
the equivalent radiative*temperature of each 
belt would have to bo proportional to th% 
fourth root of the nuqiber of gramme-calories 
assigned (!er sq. cm. to that particular belt. 
That is, tlie numbcjjjt in the first table should 
be proportional to the corresponding radia- 


RADIATION. Till? 

.SOLAR, .SKY, 

STKU.AU 

I. The Measurement of Solar Radiation 

§ (I) Introductory Htatemknt. — The 
measurement of thermal radiation from the 
sun, and from celestial bodies in general, is a 
field w*|»ch is quite undeveloped and the 
importance of which cannot be foretold. 
Animal and vegetable life exists primarily 
because of thermal ai^d photochemical activity 
induced by the radiations emanating from a 
neighbouring sun. We are therefore vitally 
concerned with the question of the constancy 
of the radiation from our sun. A continual 
fluctuation in the emissivity of the sun is 
to Ik: expected, and, if the terrestrial atmo- 
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spheric trims mission were more constant, this 
fluctuation in solar radiation could, no doubt, 
he recorded to the minute. But, limited as 
we are in our ability to eliminate the dis¬ 
turbing causes in making the measurement 
perhaps the best that we can expect, for the 
present at least, is to record great fluctuations 
"in tlje yalue of the solar constant of radiation 
and determine whether or not there is any 
regularity or periodicity in these fluctuations. 
This will establish a level of varies, and our 
successors of one hundred of more yea # s hence 
(if not at an f earlier date, and if interested in 
the subject) will bo able to detemiine to what 
exlen^. and in what .*fj icejral radiiftion qualities, 
solar radiation differs from that of the present. 

Measurements of steljar radiation show that 
F.‘d stars have a much greater emissivily (are 
losing heat faster) than stars of the solar type. 
It is therefore interesting to speculate on the 
terrestrial conditions that will ensue#when 
(and if) the sun emits, relatively at least, more 
infra red and less visible radiation than obtains 
at present. • , 

In the meantime the observational data 
accumulated may perlfaps hi* correlated and 
utilised (as, indeed, is already b»*ing attempted) 
in predicting conditions of the weather.* 

§ (2) The Intensity of Holak Radiation 
at Tit k Earth's .Surface, 1 —The solar radiation 
intensities most commonly recorded in meteoro¬ 
logical journals generally pertain to a given 
station, for a given dale. They are useful for 1 
purposes of comparison, and may be obtained ! 
by means of simple apparatus. 

(Jim instrument frequently used for this ' 
purpose is the Angstrom # (4) 2 compensated ; 
pyrheliometer. This device consists of two 1 
thin blackened fhanganin strips, the one of 
which is exposed to (and hence warmed by) 
solar radiation. The other strip is shielded 
from solar radiation and is heated electrically 
to the temperature of the exposed sjrip. 
Equality of temperature is determined by» 
thermojunctions attached to the mangaivn J 
strips and connected with a galvanometer, j 
From a knowledge of the area exposed to ! 
radiation and the electrical data, the value of i 
the solar radiation intensity is ^obtained in j 
absolute value, which is usually expressed 
in gr.-cal. per cm . 2 per min. The Marvin 
pyrheliometer (*J), which consists of a resistance 
thermometer and a heating coil embedded 
in a disc of silver, is used in a similar manner 
to measure sylar radiation. r 

A dynamic method of observing the intensity ! 
of solar radiation consists in noting the rate 
of rise in temperatuic of a mercury in glass 
thermometer, the bulb of which is embedded 
in a disc of copper or silver such as, for example, 

1 Nco also articles “ Radiation ” and " Radiant, , 
Heat and its Spectrum Distribution.” ’ . 

3 References arc* given in the Bibliography at end 
of text. • 


the silver disc pyrheliometer described by 
Abbot (3, 5). A paper by Whipple (10) 
describes and gives illustrations of various 
types 3 • of instruments for measuring solar 
nf.liafion. Instructive and important data 
on solar radiation intensities are being ob¬ 
tained, and in concluding this part of tho 
discussion it is of interest to note the great 
seasonal variability of tho intensity of solar 
radiation. For the central latitude of the 
fj.S.A. Kimball (2K) shows that the maximum 
solar radiation at perpendicular incidence 
varies from 1*37 gram - calories per minute 
[f'T square centimetre in January to 1*5 gram- 
calories in May and September. The total 
radiation on a horizontal surface, with a 
clear sky, varies from 0*77 gram-calories per 
minute in December to l oo gram-calories in 
June. Clouds nearly in line with the sun, but 
not obseifting it, increase the radiation by 
about 0*lo gram-calories. 

'I’he use of daylight and artilieial light is 
increasing in dye fading and other photo¬ 
chemical tests. In a recent investigation by 
C'oblentz and Kaliler(lJ) of the component 
radiations from the sun and from a quartz- 
mercury vapour lamp, it was shown that there 
is no marked dilferenco in the total ultra-violet 
radiation of wave-lengths less than about, 
0-4 n from these two sources. However, the 
spectral quality of the ultra-violet (the energy 
distribution) is entirely different. The ultra¬ 
violet of the solar spectrum terminates at 
R about 0-3 ft. On the other hand, in thoquartz- 
rnereury vapour lamp, the ultra-violet com¬ 
ponent of wave-lengths less than 0*3 p is about 
20 per cent of the total ultra-violet component 
radiation from this lamp. t 
§ (3) Tile Soear Constant of Radiation. 
—By solar constant is meant the intensity 
of solar radiation (usually expressed in gr.- 
cal. -cm. -2 , min.- 1 ) in free space, at the earth’s 
mean solar distance. The determination of 
this constant involves (a) an accurate 
measurement of the solar radiation intensity 
at the earth’s surface, and (/>) an accurate 
estimation of Jhe losses in intensity suffered 
by the solar rays, in passing through the earth’s 
atmosphere. , 

The first'step in th<5’ determination of this 
constant is to measure the solar radiation 
intensity by means of the silver disc (3, 5) pyr¬ 
heliometer. This is a secondary instrument, 
which wasf •alibrated Against a primary stand¬ 
ard water-flow instrument (viz., a water-flow 
calorimeter of special design). 

Simultaneously with the pyrhcliometrio 
measurements speetnfoolometrie energy curves 
ate obtained of the sun. From these spectral 
energy curvt.s of the sun at, different altitudes 
the atmospheric transmission curve for all 

3 For an account, of this see “Radiant Ifeat and 
its .Spectrum Distribution.” 
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wavo-lengths is determined ; and from these 
two sets of observations*it is possible to com¬ 
pute the solar radiation aa it would be outside 
the terrestrial atmosphere. i 

This method of determining the solar con¬ 
stant of radiation was introduced by Langley, * 
and the numerical values obtained therewith 
are perhaps the first to command the confi¬ 
dence of experimenters. Tim fault to be 
found with other determinations, which differ 
from each other by almost 1(H) per cent (10;; 
no doubt- lies in an inaccurate estimate of the 
amount of solar radiation lost in passing 
through the terrestrial atmosphere. 

Recently Abbot (2D) and bis collaborators 
have worked out a new method of deter¬ 
mining the solar constant, based upon a rela¬ 
tion between measurements of sky briglvtness 
and the above-mentioned spectral t-ransmis- ' 
sion coefficients. The sky ones its "brightness 
to scattering of the solar rays by water vapour, ! 
etc. The more hazy the sky the greater is j 
its brightness and the less is its atmospheric i 
transmission. 

The measurement of the atmospheric t-rans- ' 
mission coefficients is a long tedious process. ' 
The measurements of sky brightness are very ! 
quickly made with a pyranometcr ((>). They ! 
were able to work out. graphically a relation \ 
between the atmospheric transmission e<>- ! 
eflieionts and sky brightness, which appears to • 
be valid at least for the Smithsonian Station j 
at (’alama, Peru, thereby greatly shortening 
the time of observing and calculating the , 
results. All that appears necessary is to make * 
simultaneous measurements of sky brightness j 
and solar radiation intensities, and determine j 
from the grayh the corresponding trans¬ 
mission coefficients. 

The mean value of the solar constant of 
radiation for the epoch 1002 12 (<>D(> obscr- : 
vations) is 1-Do gr.-eal. (15° ('.) per cm. 2 per j 
min. {foe. ell.. (3) p. 131). The value of the ‘ 
so-called u solar constant ’’ is in reality not ; 
a constant, but is subject to variation with 
sunspot activity, etc. These fluctuations occur | 
at irregular intervals and range over perhaps I 
8 per cent . They are thought* to indicate a j 
true variability of the sun (l(i) (lor. rit. (3), I 
[). 117). However, no ♦definite periodicity in | 
variation in solar radiation intensity Ipis yet i 
been observed (30, 23). 

$ (4) Tin-: Tkmcekaturk of the — 
Various attempts have <been nmde^to obtain 
an estimate of the temperatuso of the effective 
radiating layer of the surface of the sun. The 
usual procedure is to apply the radiation laws 
of a perfect radiator, wlSeh of course cannot 
be exactly true for the sun. * 

Accordii^ to these l.-^vs the cnc jgy radiated 
|)cr unit area, per second from the surface 
of a perfect radiatoiynt absolute temperature 
T is equal to <rT* ergs. 


j Wilson*(20) compared directly the radiation 
i from the sun with that- of » biaek body at a 
| known temperature, using Kurlbaum’s value 
[ of a ----- 5-3 y I()* 6 erg. Assuming a Zenith trans- 
i mission at 71 per cent, he obtained a’value of 
( 5500° ('. for the temperature of the sun. 
j JV.ynting (20) concluded that either W ilson’s 
j estimate- of zenith transmission is too high oi* 
j Kurlbaum’s value of the coefficient of ’total 
I rc.diation is too small. 'Phis is very iufer- 
j **a*ing; for recent work shows that Kurl- 
hauin’s«u iginal vitlue of <t . 5-3 is about 7 per 
cent,.too low. 

The most recent value of the effective tem¬ 
perature of '/he sun’s radiating layer is by 
Abbot (23). It is based upon the distribution 
of energy in the speefrum of the sun, as it 
would he outside of the terrestrial atmosphere 
After correcting the holographs for ahsorplion 
by the spectrometer mirrors and the atmo¬ 
sphere, the wave-length of maximum spectral 
energy is at -0-470 fi. On the basA of 
the Wien displacement law, using the most 
recent value of A -,\ B1 T--:>#$>, the effective 
solar temperature is OI40 J K., or about 
5870° r. (Abbot used*the old value A 2030 
and obtained (>230 u K.) 

On the basis of the fourth power law of fut.-l 
radiation we find that, using the coefficient 
it- "U-72 < l() r ’ erg. ami the above-mentioned 
value of*the solar constant- (1-022), flic com- 
puted effective solar temperature is about 
5740° K., or about 5470 ’ (’. Kurlbaurn (24) 
has made measurements with an optical pyro¬ 
meter. which yielded values of the order of 
5500 ’ 0. on the basis of C- i KiOO (for a black 
body O j 14300, but is higher for a selective 
radiator like platinum). b 

In vi<;w of the. fact that tfie sun is highly 
selective in its spectral emission, these two 
methods of calculation must indicate tem¬ 
peratures which are lower than the true 
temperatures. The conclusion to be drawn 
is that the sun’s effective radiating layer is 
roughly comparable With that of a black body 
at about 0000° K., or about 574)0° C. 

JI. The Measurement of Sky and 

NfftT U K N AIJ R ADIATTO N 

§ (5) Radiation from the Kautii. —Noc¬ 
turnal radiation is the expression commonly 
used for describing the loss of thermal radia¬ 
tion froM terrestrial objects to space. The 
naine^io doubt had its origin fnym the early 
experiments on the cooling of objects, which is 
best observed at ni«jht. Being a low tem¬ 
perature radiation, the* wave-lengths most 
strongly emitted are in the region of the spec¬ 
trum greater than 8 /x. In connection with the 
question of the incoming solar radiation it is 
interesting to note that the outgoing loss in 
nocturnal radiation may amount to 10 per 
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cent of the solar constant. The study of (lie 
heat interchanges between the earth anti the 
sky requires radiometers of novel construc¬ 
tion and operation. 

§ (6) The Pyrokometer.—A ngstrom (7) hgn 
modified the original compensated pyrhclio- 
meter (4) by using polished and blackened 
strips of manganin. On exposure to Bpac«, 
the dark strip cools more rapidly than the 
light strip, and by heating the dark strip 
electrically to the temperature f>f the bright 
strip a measure is obtained of the outgoing 
or nocturnal radiation. # 

In a recent paper Angstrbm,(8) describes 
a ne\y modification* of # the. pyfgeometer for 
measuring skv radiation. In the new device 
one strip is covered with platinum black, the 
r-ther is covered with magnesium oxide, which 1 
has a high diffuse reflecting power (.41) for 
luminous rays and a low reflecting power for i 
radgri ion of wave-lengths at 8 to 10 a. Trio two 
strips will therefore have practically the same 
emissivity when exposed to nocturnal radi¬ 
ation. However,.as a mechanical protection, 
he covers the device with a hemispherical 
glass vessel. When Exposed for measuring 
sky radiation (or solar radiation) the difference 
in emissivity for long wave-length radiation 
does not enter the measurements as it does in 
the Callcndar (12) sunshine recorder and in i 
the pyranometer ((>), in which the heating or 
cooling of the glass cover may introduce errors 
from long-wave radiation. 

§ (7) The Pyranometer. This instrument 
was devised by Abbot and Aldrich (ti) for 
measuring sky radiation. The device consists 
essentially of two short strips of Vhickened 
manganin suitably mounted in the centre of 
a circular nickcl-|)lated bloyk of copper. One 
strip is ten times as thick as the other, and \ 
hence because of its greater thermal condue- | 
tivity on exposure to radiation the tempera¬ 
ture rise in the thick strip is less than iri the 
thin strip. This is indicated by thermos 
junctions attached to tfie back of the stirps 
and connected with a galvanometer. After 
again shading the strips, the deflection, which 
was caused by the absorption of radiation, 
is reproduced by heating by ipeans of an 
electric current which is divided between 
these two strips so as to produce equal 
heating effects in each. These receiving strips , 
arc covered with an optically figured, hollow, 
hemispherical screen of ultra vioflt crown 
glass which * admits direct or scattered solar I 
radiation but which prevents the exchange . 
of long wave-length radiation between the 
manganin strips and the sky. On removal ; 
of the glass cover the instrument is useful at 
night for measuring the outgoing or so-called ' 
nocturnal radiation. , j 

§ (8) Results of the Measurements.— j 
Interesting and important data have been ^ 


I obtained with these instruments, although the 
subject is com para tirely new. In the dis- 
! mission iff the solar constant of radiation atten- 
' tion wa*. called to use of measurements of sky 
j radiation (29) in determining the transmission 
* coefficient of the atmosphere, 
j (i.) The ('loud Effect .— The blanket effect of 
clouds in preventing nocturnal radiation from 
the earth is aVommon observance. Because 
of this effect, Humphreys (48) arrives at the 
Conclusion that the intensity of the earth’s 
outgoing radiation is much greater in middle 
latitudes than it is in equatorial regions. The 
extraordinary effects that result from nocturnal 
radiation are well illustrated in the book of 
investigations by Barnes (40) on ice formation, 
in which it is shown that the “ anchor ice ” 
fornwd at the bottom of the St. Lawrence 
river is owing to cooling by radiation. 

(ii.) //(fluidity Effects .—Interesting data qn 
nocturnal radiation as affected by atmospheric 
humidity are given by Angstrom (42). In a 
recent paper by Boutnric (47) it is shown that 
the intensity of nocturnal radiation may be 
expressed as a function of the absolute tem¬ 
perature of a black radiating surface and the 
vapour pressure in its immediate vicinity. 
The application of such data to horticultural 
problems is well illustrated in an interesting 
paper by Kimball (49), in which it is shown 
that the nocturnal or outgoing radiation from 
the pyrgeometer at 20° (’. increased from about 
014 gr. cal. for a vapour-pressure of 12 mm., 
to 0*24 gr. cal. per cm. 2 per min. for a 2 mm. 
vapour-pressure. 

III. The Measurement of Stellar 
Radiation * 

§ (9) Methods and Results. — Numerous 
attempts have been made to measure the 
radiation from stars. One method of attack¬ 
ing the problem is by means of photoelectric 
photometry. The instruments and methods 
for this type of (selective) radiometry have 
been developed principally by Stebbins (40), 
who has been very successful in obtaining 
important data on the change in brightness of 
variable stars. By this me. ns he has added 
important (data to the subject of variable 
stars. f ,In his earliest work he used a selenium 
photometer, and in his most recent work 
has .used a potassium hydride photoelectric 
cell. «: 

The second method of attack is by moans 
of thermal radiometry with non - selective 
receivers. The most recent attempt, by 
Coblentz (44), using thermocouples, has yielded 
home interesting results. Measurements were 
made on 11*2 celestial j>bjccts. Jt was found 
that red stars emit from two or three times 
as muen total radiation ,*is blue stars of the 
same visual photometric magnitude. Measure- 
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ments made through a cell of valor showed 
that of the total radiation emitted the blue 
stars have about two times as much visible 
radiation as (he yellow stars and abiflut three 
times as much visible radiation as the red st^rs. 
The absolute value of tho total radiation re-., 
ceived from all the stars is estimated at less 
than 2 x 10~ 8 gr. cal. per cm. 2 per minute, 
h’rom tliis it appears that if th*' total radiation 
from all the stars, incident upon 1 cm. 2 , were 
collected and conserved, it would require from 
100 to 200 years to raise tho temperature of 
1 gr. of water 1° whereas the solar rays, 
which reach the earth’s surface, can produce 
tho same effect in about 1 minute. 
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RADIO-MICROMETER AND SOME OTHER 
INSTRUMENTS DEPENDING UPON 
QUARTZ FIBRES 

§ (1) The Instrument. —The 'radio-micro¬ 
motor 1 is ail instrument designed and con- | 
Blrueted by the writer for measuring minut% 
amowhts of radiation as heat, and its spec ial 
feature, besides great delicacy, is its freedom 
from disturbance by adventitious heat <>r bv 
magnetic: change's outside, f Its disadv antage j 
is the necessity for a quiet and level support, 
so that it cannot be moved to follow a source 
of radiation except*slowly in Azimuth. Its 
extreme delicacy of eons'ruction requires more 
than ordinary skill on the part of the user. 
r It consists of a thermoelectric circuit 
suspended in a fai6y strong and uniform 
magnetic Held due to a permanent magnet. 
The circuit is composed of two extremely 
delicate thermoelectric bars soldered to a 
heat-receiving disc or strip of two or three 
square millimetres at one end and to a single 
long narrow loop of highly conducting copper 
or silver wire at the other end ; tho'eircuit 


permanent magnet concentrated by polo 
pieces is already imp than strong enough 
to impose dead - beat conditions, a weaker 
and imf o extended field is necessary; for 
this reason, and because beat is transferred 
from the hot junction to the two cold ones 
by the thermoelectric current, the reduction 
of electric resistance to the. uttermost is not 
of such importance as it otherwise would 
be. On the other hand, the extreme fineness 
<?( the bars is essential in order that they may 
not conduct heat from the hot to the cold 
junctions, and tin- tenuity of these and of the 
receiving surface is necessary in order that 
the final temperature may be reached in a 
few seconds. Antimony and bismuth are 
generally taken as the, typical metals at the 
two /*nds of the thermoelectric scale, but 
these are not so good as certain alloys, which 
not. only diave more thermoelectric power, 
but are more fusible than antimony, and when 
the necessary skill for soldering those has been 
acquired are generally preferable. The follow¬ 
ing alloys have been used by the writer: To 
replace bismuth, 10 of Bi to 1 of Nb ; another, 
."►2 of Bi to 1 of Sb ; this last is better than 


so formed is attached to the end of a capillary 
tube of glass carrying a mirror, and the 
whole is supported by a delicate quart/, fibre. 
As the thermoelectric bars may have magnetie 
properties, they are screened from tin;, magnet 
as far as possible by being surrounded by a 
mass of soft iron not less than “> millimetres 


Bi as 10 is to i). To replace antimony, 14 of Bi 
to 1 of Sn ; 12 of Bi to 1 of Su ; l“> of Sb to 
14 of Cd ; in this last case electrolytic anti¬ 
mony was used, but care must, be taken in 
handling this when fn-sh on account of its. 
almost explosive change of state. There 
seems to he no assignable, reason for the 


distant from the magnet and contained within 
an exterior block of brass. The figure shows 
two vertical sections through the axis of the 



circuit, one horizontal '.section through the 
middle of the loop and one through tlie mirror, 
from which all that is essential will be m^de clear. 

Theoretical considerations show th/’t if 
magnetic damping and Peltier effect are 
overlooked, the best proportions are found 
when both the resistance ami moment of 
inertia of the loop are equal to the correspond¬ 
ing values of the thermoelectric bars, and 
that the stronger the field the greater the 
sensitivity. As, how’ever, the field of a 

1 Roii. Hoc. Phi/. Traps. A, 1889, clxxx. 159. 


j remarkable thermoelectric changes induced 
# in metals by alloying them, and it is to be 
expected that further investigations, especially 
as so many 'more metals are now available, 
would lead to the discovery of more suitable 
metals or alloys. Thermoelectric power is 
desirable, but if ductility and less fusibility 
could be attained these would enable, finer 
elements to be used and so counteract some¬ 
what less thermoelectric power. Conductivity 
for heat is undesirable, and if this should he 
low it would he a gain more than setting off 
the almost inevitable low electric conductivity, 
j as the circuit might then be used in a stronger 
magnetic field. 

The process of constructing 2 the very small 
bars used Uy the writer is as follows: Two 
microscope glass slides arc smoked and a 
fragment of the alloy is placed between the 
smoked surfaces with the upper plate lying 
! loosely upon it. Two flips of microscope covcr- 
i glass of the thickness desired for the bars 
j are cut. from the usual discs by means of a 
J writing (not a glazier’s) diamond, and these 
j arc laid on the lovveo slide on either side of 
! the fragment of metal. Then heat is gently 
j applied from below, most conveniently by a 
■ small flame, and one or more Interposed 

j * See also Witt, Phi/x. Znt, 1920, xxi. 374, and 
Pror. R. Son. A, 1922, ell. 48. 
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sheets of wire gauze. When the metal melts 
a warm weight is placed upon the upper 
glass to squeeze out the liquid metal, which 
in this way is made to spread oul|into an 
irregular disc of the size of a sixpence or 
shilling and of the thickness of the cover-glass 
slips. When all is cold the metal may be* 
separated from the smoked mould and is 
ready for being cut into bars. # For this purpose 
it should be laid upon a piece of plate glass 
and a sharp chisel or knife should be firmty 
and evenly pressed upon the metal to sever 
the whole width at once, /then successively 
a number of liars, much longer than will be 
required, can be cut of a width of half # a 
millimetre or even less. These are similarly cut 
to the length desired, e.<j. f> to 8 millimetres. 
In order to make the circuit, a perfectly 
smooth hardwood board is used, on which 
tlie outline of the circuit should he drawn. 

A typical circuit would have a receiving 
surface of thin copper foil only one millimetre 
in diameter or square, if for receiving focussed 
heat as from a. star, or two, or even three 
millimetres in diameter for a more diffused 
source, or perhaps 5x1 or 5x-I- millimetre 
if for focussed sped rum lines. This piece 
of copper cut from freshly scrubbed foil is 
laid upon the board where drawn and held 
down by a narrow strip of paper secured 
by pins or little weights. Then the two bars 
arc laid side by side so as just to overlap the 
copper and as close t igelher as possible, and 
these are similarly held ill position. Then 
the loop of copper or silver wire of higl* 
conductivity mid made from wire of ,\<». ;{(} 
to 10 f$.\\ .(I., or 1 to £ millimetre in diameter, 
of the form shown in tin* drawing, is laid so 
ay just to ovoHap the ends of the bars, and a 
fag of wire is hooked round the loop at the 
far end. These also are similarly held in 
place. Convenient dimensions for the bars 
are: length 5 to 8, width \ to >, thickness 
millimetre; for the conducting loop a rect¬ 
angle 25 • millimetres. Soldering these 
tilings together is an art requiring some 
practice as well as skill, for, even using one of 
the fusible metals as solder, 4hrro is danger 
that one of the burs will be caught up by 
capillary forces •and vanish instantly in the 
solder on the hit. The method that has been 
found to succeed is one in which a soldering 
bit is used made of copper wire I j to 1| milli¬ 
metres in diameter ytoun^J near the "point 
into two close convolutions # so as To act as a 
heat reservoir, and then projecting <> to 8 
millimetres and filed to a point, and all he! 1 
in a wooden handle. »Si**h a bit can be heated 
in a bunsen or spirit lamp flame in a f<*v 
seconds, and a well-directed touch at the ; 
right sfiotf made unddr observation by a lens 
will effect a perfeoj. soldering with an almost • 
infinitesimal amount of solder. One milli- I 


• • 

gramme •should suffice for all five soldering. 
Each junction should he moistened with a 
solution of chloride of zinc before soldering, 
and the point of the hit should be frequently 
dipped in the solution, before toying to 
femuve the circuit it must be tested by ;i light 
touch with a caimTs-huir brush to see »if it 
accidentally stuck to the wood at any 
point, when moisture applied with thojinish 
will probably free it. The circuit must then 
be lifted by* inserting a hook under the loop 
and lif'ing the l.;oar<t until the loop is hang¬ 
ing free. It should then lx* dipped in very 
hot? water to clean oil ehlomh* of zinc. A 
tender circlet may be # broken by capillary 
forces if dipped in •cold water. W'lwn fbe 
circuit is dry a piece of capillary glass tube is 
fastened to the copper tag with shellac varnish * 
or, better, with melted#shellac and made To • 
take a truly axial position, and the copper disc 
is given a thin coat of black varnish on its 
front? face only. Then a mirror shoul#! he 
attached to the glass at the proper place to 
suit the window. It is much more con\^*nient 
to have the mirror and cft^iit in one plane, 
but iUmay be necessary for other reasons to 
set the mirror in a. position perpendicular to 
the pl/me of the circuit. These little mirrors # 
are best, made as follows. Find the thinnest 
dozen out of a box of cover glasses all of one 
diameter by dealing them like a pack of cards 
on to *i table. The musical clink at once 
indicates the thickness, and those that give 
the lowest note an* set apart. These are then 
examined fir form by looking at a straight 
and distant window bar by very oblique roller - 
tion in the glasses laid one at a time on a 
supported arm’s bmgth from tlie eye. Those 
that give an umlistorled reflection are retained 
and th<? rest are best destroyed. The selected 
glasses are then silvered in the usual way, 
and, when washed and dried, varnished with 
lacquer. From the silvered discs so prepared 
small mirrors about. .‘I millimetres square are 
cut with a writing j/iamond. One of these is 
attached to the glass wit?i a#speck of melted 
shellac or of shellac varnish. The melted 
shellac at one point only is best. If the shellac 
extends over the contiguous surfaces it is 
certain to bend the mirror and give a double 
image. Mirrors made as described are ex¬ 
ceedingly light, and*thev give with sufficient 
illumination an image so sharp that it can 
lx* readme millimetre on a scale at a metre 
distance. Being plane the focussing has to 
he done bv a lens. Instead f»f tln?usual method * 
of a lens near the lamp and scale, the writer 
has generally used ?i plano-convex spectacle 
lens of about one metre focal length cut 
down to the required diameter and cemented 
by its plane face to the opening of the window, 
wjiich is also ground flat. With such an 
arrangement the scale and wire are both at 
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tke principal focus of the lens, through which 
the light passes twice, just before ami just 
after reflection from the mirror. The image 
of the wire &n the scale is then as flue as the 
wire itself, but, what is more important, the 
piano face of the lens also reflects some ligh* 
which forms an image of the wire on the scale, 
and this serves as a datum line from which 
to measure the deviations of the mirror 
imago, a datum which belongs to the instru¬ 
ment and is not affected by accidental move¬ 
ments of instrument or scale. A suitable 
diameter of quartz fibre (</.?*.) for a radio- 
micrometer circuit such as is described is from 
t.-Jvk to yi,Vi„ inch, fi'r about -*?«■ millimetre. 
The ^ period of oscillation away from the 
magnet should be from 5 to 10 seconds, and 
the magnetic held should be so adjusted 
with movable pole, p'cces or sliding keeper 
that the, circuit is very nearly, but not quite, 
dead-beat. When exposed suddenly to radia¬ 
tion'then there is a first defined elongation 
requiring 2 or 3 seconds, and which for com¬ 
parative purposes may be read and used as 
a measure of tne radiation. The ultimate 
steady deflection will be greater to a trifling 
extent. The sensibility of different circuits 
naturally differ, and if any of the material 
is magnetic — quite a possible event — the 
magnetic control will spoil the delicacy. A 
circuit made by the writer for Mr. E. Wilson 
for his measures on a very magnified solar 
image gave a deflection of SO millimetres 
when exposed to a candle flame at a distance 
of nearly 2 metres. The copper disc was 2 
millimetres in diameter. 

The tube within which the capillary glass 
tube and mirr r and quartz fibre are suspended 
is made of glass, and the window opening is 
blown with a welt and ground flat. The whole 
instrument should be. contained within an 
exterior casing of thick wood to protect it 
from stray radiation, and the light for the 
mirror should be allowed to enter and leave 
by a narrow slit in a sor f of wooden chimney 
tube containing 'he rt lass tube. There must be 
no metallic connection with the outer world. 

§ (2) Applications of thk Instrument.— 
The writer combined a radio-micrometer with 
a reflecting telescope 1 of nearly 16 inches 
aperture (40 centimetres), with a special 
altazimuth mounting designed for the purpose, 
in order to investigate the radiation from the 
moon, planets, and stars. Two observers, 
using a thermopile and galvanometer and work¬ 
ing indejicndently, believed that they had 
found surprisingly large amounts of radiation 
from the brighter stars. "‘The delicacy of the 
new combination was tested by the use of a 
candle flame or person’s fare at a distance 
of 210 metres on which the telescope was 

1 ling. .Sue. Proc., April 1800; sec also EvyLr.h 
Mechanic, Feb. 23, 1917, p. 87. 


focussed. The circuit was made with bars 
of BiSb 10 : 1 and Bi£n 14 : 1. A more deli¬ 
cate circuit with the »Sb('d alloy was not 
tested in this way. These observations were 
made bv the late J)r. W. Watson, F.R.S., and 
the writer. The candle flame gave a deflection 
repeated 20 times of from 00 to 80 millimetres. 
l)r. Watson’s face gave only 25 or 26 milli¬ 
metres, the background being a hundkerehief 
on a frame. From the candle figures it will 
! I r seen that a candle flame at a distance of 
from 3 to 3? miles (5 to 6 kilometres) would, 
in a perfectly transparent air, have given a 
deflection of millimetre. Mercury, observed 
on three days, Venus, Mars, Jupiter, and 
Saturn, and all the brighter stars and some 
nebulae visible in this latitude failed to give 
any deflection. A returns, examined on the 
meridian oil nights of jicrfeet quiet, did not 
give a movement of millimetre, and so 
certainly did not send the heal of a candle 
three miles away. The moon was so violent 
that it was necessary to stop the telescope 
down to 6 inches to keep the deflection on 
the scale. As is to be expected, that pari of 
the moon on which the sun is vertical, whether 
it is in the middle as in the full moon or limb 
with a half moon, sends most heat, and this 
falls as the solar altitude falls to nothing at 
the terminator. In the ease of the full moon 
the curve is, as nearly as could be ascertained, 
symmetrical, i.c. the lunar surface acquires 
its temperature so quickly that there is no 
effect of storing heat. The west side sends 
Inrio more heat than the east. 

! Referring to the figures again, it will be seen 
! that there is a glass window on one side of the 
! brass Mock, but that at the other side the disc 
J of the circuit is exposed naked Vo the radiation 
| indicated by an arrow. The glass window is 
! to enable the observer, by the aid also of a 
! reflecting prism or mirror and long eyepiece, 

| to observe the receiving disc and watch the 
j passage of a star image or of a spectrum line 
■ or other object to be examined. The dark 
i heat from the eye is absolutely cut off even by . 
i the thinnest, film of glass. On the other side, 
i no window except one of rock salt or sylyine 
j would be of any use, as the greater part of the 
j dark heat would he cut off. Draughts, how- 
: ever, must l>e excluded, and this is done by 
j the use of a substantial paper tube (a firework 
ease) with a series of diaphragms of diminish¬ 
ing size to receive the converging beam of 
l focussed radiatio.n. Draughts arc battled by 
such an arrangement, and this, together 
I with the telescope tube, made it possible to 
use the instrument ri the open air on quiet 
rights. 

§ (3) Developments. - foblenlz has de¬ 
veloped the radio-micrometer 2 by rising a 
rock salt window and a good vacuum instead 
2 Carnegie I nut. Publication 05, Appendix iv. 
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of air within. Ho status that he 1ms so | resmmtoi*, 5 hut he showed later 3 that life 
made it considerably m«rc (Iclieate than those | double resonator, also en.pl ived hv Professor 
made by the writer. Callendar, sliould oiv<- an im[>rn\-r<l elieet. 

The manipulative difficulties of |>lderin" The following figures rela.inj; to tin- suspension 
tho tine junctions may very probably J'e are of inU-rest us showing the vety small 
greatly reduced by the use of a hot jieneil % forces that afe easily under rent rol : 
given to tho writer by Dr. Curl Benedicks of | M^nint • 

StockMin. This is a gas burner in which Die . c..., " f ( l . 1 !V r A l<u ,VrM, # 


flame is formed at the end of * capillary tube 
of melted quartz. The gas may tlp;n be 
turned down gradually by means of a mien# 
meter needle valve until the flame, if it exists 
at all, is of the size of a pin’s point, and the 
only evidence of its existence is the red-hot 
end of the tube on the surface of which tl?c 
combustion probably takes place. When so 
burning the gas is being consumed at the 
surprisingly large rate of t cubic foot#in 5 
days or thereabouts. Such a hot point would 
provide almost, certainly the most, convenient 
means of applying the necessary small amount 
of localised heat lor soldering the junctions, 
Vid the solder would he in the form of small . 
pieces cut from foil. In making fusible solder j 
for these delicate solderings it is not. necessary i 
to prepare fusible metal according to the ! 
well-known proportions; a little bismuth and ! 
tinman's solder made of tin 2 parts, lead ! 
1 part melted together docs very well. 

5? (4) Tiik Tonomicrometer. - -The radio- 
micrometer for its development required a 
suspension fibre of unknown delicacy and 
perfection, and this led to the discovery 
of the quartz fibre. Tho telescope radio- 
micrometer combination bv a curious acci- 1 
dent gave rise to an instrument, constructed by 
tho writer for detecting the faintest musical 
sound of the pitch to which it. is tuned. 
When calling to the observer at 230 yards, the 
radio-micrometer at times made violent deflec¬ 
tions, and this was found to occur when a 
certain note was sounded. Tho telescope tube 
acted as a resonator to the tone, this being 
the fifth of the octave of its fundamental note, 
and the node one-third down the tube was 
close to the horizontal axis. The changes of 
pressure then set up alternating air movements 
past the copper disc and in and out of the glass ! 
tube, and these Rioted on the disc, tending to 
sot it. into the positioned greatest* op portion. 

A large resonator was accordingly mafic with 
a small opening at the node leading to a 
small resonator, each tuned to the same jioto. 

A radio-micrometer mifror *as suspended in 
the neck at an angle of 45° t# the direction of 
air movement, and a window was put in the 
neck so that a beam of light could enter the 
instrument and leave at? right angles to the 
direction of entry. Such an instrument 1 wifl 
respond^ tg the notn # to which it. is tuned. 
The late Bon I Rayleigh had previously made 
an instrument, I art without the double 
1 Pm\ Roy. Sac. A, ei. 391. 


(Pan.--till, ■ . ■00!> gram 1 iliam<- 1 .i-r 0000*12*1 .• 
.Mirror . . -00;.5 ,, -l sqiiani iiOOOl i / 10 * ec ‘ s * 

« r •OOlifltlf. 

From t.i.-se figures it will be found that the 
couple needed to give a deflectjpn of 1 milli¬ 
metre on a scale 1 metre dist ance is •000,000.013 
t'.d.S. unit, *or in gravitation and Fugluth 
measure a. coupk of 1/13,000,000,000 grain at 
1 inch, A quartz fibre 10 centimetres long 
and -00020 centimetre, or , 7 » inch, in 
diameter gave this result! and such a lilue will 
carry safely fifty t-ira- s the load given above. 

§ (i) The Pocket Flkitkomktek.— 'The 
pocket, electrometer 4 is an instrument, made 
by the writer, depending on the quartz fibre, 
and is unlike other electrometers in tffat it 
can l>e carried in the pocket and set down 
anywhere and at any time, and when levelled 
the needle is found charged and it will respond 
to an K.M.F. of 1/100 volt. This instrument, 
made in 1801, is still, after thirty years, in per¬ 
fect order. The needle being a disc can have 
no disturbing edge actions between it and the 
quadrants. Tho disc is made of foil 1 centi¬ 
metre in diameter, and alternate quadrants are 
platinum and zinc soldered together; it is 
suspended by a fine quartz fibre within quad¬ 
rants with a clearance of about 1 millimetre. 

| A short# fine wiro # axis between the disc and 
fibre carries a radio-micrometer mirror, and the 
I |M*riod i# 40 seconds. The ftir resistance due 
I to the stationary quadrants makes it, nearly 
I dead-lieat. Instead of the usual high potential 
i of a # highly charged needle the effective poteu- 
! tial js always about -8 volt,the contact potential 
[ of platinum and zinc. It is immaterial for 
ll*- purpose of tho instrument, whether this 
is in the metal itself or in the air only on the 
surface of the metal. If \\ and V 2 are the 
potentials of the pairs of fixed quadrants and 
i\ and i\, th<; corresponding effect ive potentials 
of the platinum and zinc, the couple will 
vary as (Vj - Y\)(r, -# e 2 ), and the sensibility 
usually attained by high potential in this 
instrument, depends upon the delicacy of the 
quartz ffbre and freedom from systematic 
disturbance. , * r „ v e 


ITamo - micrometer* Boys’, as applied to 
Solar Measurements. See “ Radiant. 
Meat and its Spectrum Distribution.” 
§ (20). 

Nichol’s. See ibid. § (21). 

2 Phil. Mag.. 1*82, xiv. 3 U-.Ui., 1918, xxxvi. 

4 The Electrician, J89I.. 
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Electric charge on. See “ Atmosphere, 
Physics of,” § (22). Also “ Atmospheric 
Electricity,” §§ (22). (24) (iv.). 

Equations for formation of, in adiabatic 
conditions. See “ Atmosphere, Thermn- 
* dynamics of tins” § (21). 

• “ Equivalent. ” fall measured by obscrviy 
4 ions of intensity of .sunlight. See 
“ Meteorological Optics,” § (10) (i.) and 

(iii-). 

Opacity of. Sec ibid. § (HI) (ii-)- 

Rainbow: . ♦- 

Effect of size of drops on colours of. See 
• “ Meteorological Duties,” §\I4). 

Explanation on undulalory theory of light. 

See ibid. § (14). • 

Older theories of. See ibid. § (14). 
Rainfall: 

Distribution of, over the N. hemisphere 
t in duly. See “ Atmosphere, Thermo¬ 
dynamics of the,” § (3) an<l f !(/• 0. 

Eqprgy of. See ibid. § (2). 

RA i n : a r< i es : c 

Exposure of. See “ Meteorological .Instru¬ 
ments,” 5; (IT). 

Obsolete types. See ibid. § (12). f 
Self-recording : 

Balance-gauges (Oasella and Beck ley). 

See ibid. § (1 1) (iii-)- # 

Float-gauges (Dines, Fernley, and hyeto- 
graph). See ibid. § (14) (ii.). 

TiIting-bucket gauges. See ibid. § (14) (i.). 
Standard “ Snowdon ” type. See ibid. § (10). 
Rain Measure. See “ Meteorological Instru¬ 
ments,” § (11). , 

KaNUK - FINDTNO BY DIGRESSION RaNUK- 
finder. See * ‘ Trigonometrical Heights,” 

§ («)• 

Re election in tiie Atmosphere, Phenomena 
dee to. See “ Meteorological Optics, §,(22). 

Refraction : * ( 

Astronomical formula- for. See “ Meteoro¬ 
logical Optics,'*■ § (4). 

Atmospherical. See ibid. § (3). 


Errors caused in surveying. See ibid. § (7). 
Oreen ray at sunrir; and sunset. See ibid. 
§(«). ‘ 

Refraction, Effect of, on Survey Work, 

< exact, theory of. See “ Trigonometrical 
Heights,” § (3). 

Formula representing normal conditions. 
See ibid. § (f>). 

(leneral account of. See ibid. §§ (1) and.(2). 
Refraction in the Atmosphere, pheno¬ 
mena due to. See “ Meteorological Optics,” 
(20), (21). , 

Reonault: 

< Dew-point hygrometer. See “ Humidity,” 

II. §§ (I), (2). 

Formulae for hvgrometry. Sec dml. II. 

» (I) (ii-)- 

Verification of Dalton’s law. Sec ibid. I. 
Relative Humidity. The ratio of the 
amount, of water-vapour present in. any 
specimen of air to the maximum amount 
the air could contain at the same tempera¬ 
ture ; relative humidity mav he measured 
by the ratio of the pressure exerted by the 
water-vapour to the saturation pressure for 
the same temperature. See ‘ Humidity, ’ I. 

Resilience of the Atmosphere. See “ At¬ 
mosphere, Thermodynamics of the,” § (14). 
Reversible Chances of Nickel-steel. 
Alloys. Sec “ Line Standards,” § (4) (ii.), 
(iv.), (v\). 

Rioi hity of Apparatus and Foundations, 

1 as required for metrological work. See 
“ Metrology,” II. § (5) (vii.). 

Rohkkval Balance. See “Weighing 

Machines,” § (3). « 

Robinson Cup-anemometer. See “Anemo¬ 
meters.” 

Root of Screw Thread: definition. See 
“ Metrology,” VII. § (23) (i.). 

Rotation of the Earth, effect of, on motion 
of air. See “ Atmosphere, Physics of,” 
§(»>• 


— S 


Saccharometer, the Ballino-Bkix, gradu¬ 
ated to show directly the percentage of 
sugar by weight. See “ Sacehag.>metry, 

§(*).. 1C 

SACCHAROMETRY 

§ (l) Introduction^— Rapid methods of find¬ 
ing the proportion of sugar in solutions of this 
substance are essential in the sugar factory, 
and are often convenient elsewhere. With ( 
solutions of pure sugar the determination ofUic 
specific gravity gives the required result easily 


and quickly, by reference to tables which have 
been,constructed for t his purpose. On account 
of the importance of*this determination, both 
in the factory and in the laboratory, a great 
amount of labour has been devoted to develop¬ 
ing the method and obtaining the requisite data. 

Many of the liquid's dealt with in the sugar 
factory, however, are not solutions of pure 
sugar. They contain various other matters, 
organic and inorganic, sometimes in consider¬ 
able proportion. Hence * he determination of 
the specific gravity docs not, ifi these instances, 
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give the true sugar content. Moreover, since 
these “ non-sugars ” lu^e not the same effect 
upon the specific gravity of the liquid as the 
same quantity of sugar has, the detei|nination 
does not give even the total quantity of solid 
matters with accuracy, but only to a more or 
less close approximation. * 

Nevertheless, the specific gravity is of great 
importance, in technical practice, for estab¬ 
lishing the “ quotient of purity ” of these 
impure sugar solutions. This quotient (yr 
“ coefficient,” as it is also termed) is the 
percentage of sugar contained in the total 
solid matter. It is necessary to distinguish 
between the “true” and the “apparent” 
value of the quotient. The former is defined 
as the percentage of real sucrose in the total 
solid matter aw determined by the method of 
actual drying and weighing. But to ascertain 
the “true.” quotient of purity involves two 
rather troublesome and lengthy analytical de¬ 
terminations ; hence in practice it is customary 
to ho content with the “apparent” quotient. 
In obtaining this, the sugar, determined from 
the rotation of the plane of polarisation, is 
calculated as a percentage of the apparent 
solids ascertained from the specific gravity, or 
by other indirect means. That is, two rela¬ 
tively easy and rapid operations, neither of 
which gives strictly accurate results, are sub¬ 
stituted for the more, lengthy processes in¬ 
volved in ascertaining the “ true ” quotient, 
partly because of tin* saving of time secured, 
and partly because tho data obtained, whilst 
admittedly approximations, are sufficiently 
correct for the technical purposes in view. 
Moreover, a certain correlation exists between 
the “ true ” and the “ apparent ” quotients of 
purity. The •fact is that the nature of the 
non-sugars remains practically the. same 
throughout a season’s operations, so that the 
“true” quotient, determined once or occa¬ 
sionally, serves to lix its relation to the 
apparent coefficient for the duration of the 
“ campaign ” at any paitieular factory. 

Another point may he mentioned here. In 
practice, mixtures of various sugars are met 
with. It happens, however, tJiat the principal 
one, sucrose, has a specific gravity differing 
but little from filial the others in solutions 
having the same concentration. Thus at 
20*74° C., solutions containing 10 p<^ cent of 
the following sugars have the specific gravities 
shown : Ara binose J # -037£, fructose 1-0385, 
galactose 1-0370, glucose HjJIHl, lactose 1-0370, 
maltose 1-0380, raflinose 1-0375, sorbose 1-0381, 
and sucrose 1-0381. Hence if accurate tab'es 
of specific gravity values are constructed for 
sucrose, they may be used also for the others, 
or for mixtures of various sugars. Whilst not 
theonfti Ally correct'the results are sufficient ly 
accurate for practical purposes. In what* 
follows, therefore, “ sugar ” always means the 


1 


i 

! 

i 

1 


particular sugar sucrose, unless the contrary 
is stated or obviously implied by the context. 

§ (2) Units ok Volume.--- The standard unit 
of volume is the volume occupier! by a mass 
of 1 gram of water at its temperature of 
A.aximum density, viz. 4" ('., i.e. the unit 
adopted is the millilitre . 1 The standard 4 cm- 
jierature recommended for sugar work is 20 ’ 0 V 
and at this temperature 1 ml. of wafer weighs 
(>•‘>0718 gram against brass weights in air at 
20 < . and 4 -0 mm. pressure. 

Yne “ Moor cubic centimetre ” has been 
much used ill the past in sugar analysis. The 
voltune of a ‘‘Mohr’s cubic centimetre” varies 
according ty the. temperature at which it 
is defined. The. temperature 17-5 ,J 4 - 'tas 
commonly used, and for this temperature 
“Mohr’s cubic centimetre” is the volume 
occupied at 17-5 ' ('. by a quantity of waCbr 
which weighs I grarp against brass weights in 
air. This unit of volume is equivalent to 
1 *00535 ml. or 100238 e.e. , 

§ (3) Contraction in Volume of Sugar 
Solutions. —Just as in the well-known 4 aso of 
alcohol and water, when jMfiar and water are 
mixed the volume of the resulting solution is 
less than the sum of flic volumes of the sugar 
and water taken separately. Taking, for in¬ 
stance, a solution of sugar containing 20 grama 
of sucrose per 100 e.e., its density at 15 /4 ' C. 
is 1-07008. A litre of this solution weighing 
(in 1070-08 grams contains 2(H) grams 

of sugar and 870-08 grams of water. The 
specific gravity of sugar at 15° being 1-588, 
the voluint of flic 200 grams is 200/1-588 - 
125-04 e.e., and the volume of the wafer at 
this temperature is 870-08 v 1-00087 - 870-84 
e.e. ft cnee the* sum of thy two separate 
volumes, 1002-78 e.e., exceeds the volume of 
the nurture, UK*) e.e., by 2-78 e.e., and there 
has thus been a contraction in the aqueous 
solution of this amount, equivalent to 0-278 
per cent. 

♦The maximum amount of contraction occurs 
in sugar solutions yf strength about 38 to 40 
|Vr cent by weight, as fr; sl*>wn in Table I., 
calculated by Sidersky from determinations 
made by Plato. 

A glance at the table will show that the 
apparent density of sugar in solution, high at 
small concentrations, gradually decreases until, 
in saturated solutions, it approximates to that 
of crystallised sugar (1-5870). But the values 
expressing contraction of volume increase with 
t he »eon cent ration up to a maximum value of 
0-47 per cent, remain constant for if time, and 
then decrease. 

1 This unit of volume' often erroneously called 
a euhie eenfinietre. The runic centimetre is, however, 
the volume of a cube, each of whose edges is 1 cm. 
in length and the accepted relation between the 
millilitre and tin- cubic centimetre is 
, 1 ini. - 1-000027 e.e. 

(See “ Volume, Measurements of,” § (1).) 
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* Table I . 

Densities and Contractions of .Sugar Solutions 
(Deduced from densities found by Plato) 


Sugar 

TV- 

100 e.c. 

grains. 

l'r 

100 grins. 

Density 

at 

15 /4 ' ('. 

Density of* 
Sugar in 
Solution. 

■ ' 

('ontraetion.' 
I’cr cent by 
Volume. 

- 

r. 

5 

401 

1 01844 

1 029 

0-08 

10 

004 

1 U3777 

1 -028 
1-027 

0 10 

15 

14 19 

1 -05004 

0-23' 

20 

18-50 

107008 

1 *325 

if 28 

25 

22-83 

1-00511 

1 -023 

0-34 , 

30 

20-03* 

1-11407 

1-022 

0-30 

35 

3o 00 

113*)8 

1-020 < 

0 43 

*40 f 

34 73 

1 15173 

+ 1-017 

0 45 

45 

38 45 

1-17043 

1-015 

0-47 

50 

42 00 

1-18000* 

1-0.12 

0-47 

* 55 

45 57 

1 -207»j3 

1-009 

0-47 

00 

48 00 

1-22001 

1-007 

0 45 

«5 

52-20 

1 24420 

1-005 

0-42 

70 

55-48 

1 2(5255 

1 -002 

0-3ft 

to 

58-00 

1 -28003 

1-000 

0 34 

80 

01-01 

1 20871 

1 507 

0-20 

85 r 

04-50 

[31033 

1 504 

0 23 

00 

07-48 

1 3*3400 

1-501 

0 11 


The same phenomenon of contraction occurs, 
though to a smaller degree, when a strong 
sugar solution is mixed with a weaker one, or 
with water. 

Various estimations of the amount *>f con¬ 
traction have been given, as follows : 


Observer. j Sugar. Water. | Cou ^ ion . j 

j .. . . L._..- 



i - - 


contraction. 

Brix 

1 

! grins. 

. L 55-42 

grms. 

44-50 

e.e. 

0-01537 

(Jerlaeh 

. I W;r> 

43 75 

0-9940 

Zeigler . 

. 1 50 

44 « 

()-9<ft8 


(1) TEMPERATURE ('OKRBUTTONS. — TllC 
specific gravity of sugar solutions deerea.ses*as 
tiieir temperature rises, by reason of the expan¬ 
sion in volume produced, rhe relative amount 
of expansion, hofcevtV, is not constant; it in¬ 
creases with the degree of concentration. The 
following values for the coefficient of cubical 
expansion of sugar solutions between 15° and 
25° are given by .fosse and Rem$ : 1 


(Concentration. 


Coefficient. 

0 32 


0-000205J. 

12-75 

i 

0-0002100 

2,3-88* ' 

j 

0-0002250 

33 7! 


0-0002574 

4.3 81 

* 

00002890 

53-37 

* ' 

0-000.315.3 

02 .30 


0-0003202 

00-74 


0-0003280 


Alternatively, Schbnrock’s formula may bo 
employed to calculate r the moan coefficient of 
expansion . 2 liot 7 / denote the percentage of 
sucrose, £md r the mean coefficient of cubical 
expansion for temperatures l between 10 ° and 
27 V. Then, according to Sell. >n rock, 

r-0 (>00291+() (><HX)037(p- 23-7) 

-t- OOOOOOOOff 20) - 0 0000001 «)(/> - 23-7)(f- 20). 

The probable error is stated to be ±0 00000(5. 

’ Having obtained the proper coefficient, and 
knowing the speeilic gravity of the sugar 
solution at a given temperature t, wc can 
osculate the specific gravity at another tem¬ 
perature t. 2 from the following equation : 

d / 2 O/i i n/^r/ok. 

Here T)^ is the re(|uired speeilic gravity, l) 4l 
the known, specific gravity, and r the co¬ 
efficient of expansion. 

In technical work, however, the corrections 
for temperature are not usually applied to the 
specific gravity of the sugar solution. They 
are used as a direct correction of the per¬ 
centage of sugar itself, suitable tables being 
calculated out for this purpose. The one 
subjoined (Table 1L.) is from a table published 
by the Bureau of Standards, Washington, and 
calculated from Plato's data (ride infra). The 
table should be used with circumspection, and 
only for approximate results, when the tem¬ 
perature differs much from the standard 
temperature or from that of the surrounding 
#ir. 

§ (o) Relation hbtwben Specific Gravity 
and Sucrose Content. — Formulae have 
been calculated which indicate the relation 
existing between the speeilic 'gravity of a 
sugar solution and its content of dissolved 
sugar. Thus Gerlach has given the following 
eqnation : 

y -1 1 O003H()(»a -4 0-00001 H.t 2 
' + <)•<10000003293*, 

where x denotes the percentage <>f sugar, 
and // is the specific gravity of the solution 
at 17 0 71 7-5° 0 . 

GerJach’s equation has been revised and 
extended to Sugar solutions at other tempera¬ 
tures by Scheibler. For 20° ('., Schcibiers 
equation is : 

y = Iff OOOf;844.? + 0-(X)(K)144a 2 
+ OOObOOOOSOlkr 3 . 

§ (0) Specific Gravity ok Sugar Solu¬ 
tions. —Several sets notables are in existence, 
oof relating the percentages of sugar in aqueous 
solutions of *this substance with * 4 he cor¬ 
responding specific gravities. Those considered 

* Zeits. tier dent. Zuckerind., 1900, 1. 410. 


1 Bull. Assoc. Chitn. Suer. Dint., 1901-2, xix. 302. 
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7'kmi’khature (’oukea’tions to It ka r>4 xns <>e Naoohakometehs (SrANhAlth at 20 ('.) 


imp. 

j e. 





Observed Percentages of Sugar. 





0 

5 

10 

15 

20 

*5 

30 

| 35* 

40 

•15 

50 

55 

50 

* 





Subtract 

from* Observi 

(1 Percentage : 




• 

10° 

0 32 

0-38 

043* 

0-48 

0-52 

0-57 

000 

, 0 04 

007 

0-70 

0-72 

0-74 

0-75 

11 

31 

•35 

40 

•44 

1 -48 

• ,1 

55 

■IP 

•GO 

•03 

■05 

•00 ( 

•08 

12 

•29 

•32 

■31; 

•40 

•43 

* 10 

♦50 

.n* 

•54 

•50 

•58 

■59 ' 

•00 

13 

•20 

•29 

•32 

•35 

•38 

■41 

•44 

| -40 

•18 

•49 

•51 

•52 

•53 

14 

•24 

■20 

■"Hi) 

•31 

•34 

•30 

.■38 

•40 

41 

•42 

•44 

•45 

•40 

15 

•20 

•22 

•24 

•20 

•28 

•30 

32 

33 

•34 

■30 

•3l» 

•37 

•38 

10 

■17 

•18 

■20 

•22 

•23 

•25 

•20 

•21* 

•28 


•29 

•30 

•31 

17 

13 

14 

•15 

•10 

18 

•19 

•20 

•20 

•21 

•21 

•22 

•23* 

■5s 

18 

•09 

•10 

10 

■11 

12 

13 

13 

1 14 

•14 

•14 

•15 

•15 

•15 

19 

•05 

•05 

•05 

•00 

,05 

•00 

•07 

•07 

•07 

* 07 

■08 

•os 

•08 






•A«l(i to Observed 

Vrecntagc: 

•» 




21° 

004 

0 05 

0 00 

0-00 

0-00 

0 07 

0 07 

: o-o7 

0 07 

0-08 

008 

008 

0 08 

22 

•10 

•10 

11 

•12 

•12 

•13 

44 

•14 

15 

•15 

•10 

•10 

, in 

23 

•10 

•10 

•17 

17 

■If) 

•20 

•21 

•21 


-23 

24 

■24 

■24 

24 

•21 

•22 

23 

•24 

•20 

•27 

•28 

•29 

•30 

■31 

•32 

•32 

•32 

25 

•27 

•28 

•30 

•31 

■32 

34 

•35 

; •30 

•38 

■38. 

• -39 

•39 * 

•40 

20 

•33 

■34 

•30 

•37 

•40 

•40 

•42 

•44 

•40 

•47 

•47 

•48 

•48 

27 

•40 

•41 

•42 

•44 

•40 

•48 

•50 

•52 

•54 

. -54 

■55 

•50 

•50 

28 

•40 

•47 

•49 

•51 

•54 

•50 

•58 

•00 

•01 

•02 

03 

04 

•04 

20 

•54 

■55 

•50 

•59 

•01 

•03 

■qp 

! -08 

•70 

•70 

71 

•72 

•72 

30 

•01 

■02 

1 03 

■00 

•os 

■71 

■73 

•70 

•78 

•78 

•79 

•80 

•80 


most trustworthy are based upon the work of 
Plato, Pomkc, and Halting, and particulars 
of these are given farther on ; hut as some 
of tlx? others are .still widely used it is neces¬ 
sary hrielly to mention them. The differences 
between these various tables are due partly 
to the fact that sugar of the same degree of 
purity was i*'t used as the starting-point in 
all the determinations, and partly to the fact 
that the results are expressed at different 
temperatures. Thus in France the “ normal ” 
temperature is taken as 15° (?., and some of the 
tables are constructed for the temperature 
lrV'/T 1 ( ’. : in Germany the “ normal ” va» 
formerly IT It. (-17 f>° (’.), and one of the 
most widely used tables is calculated for 
17 . 5717 . 5 " i\, whilst since J890 the normal 
temperature adopted has boon 15° 0., and 
tables have >een constructed for 15°/15° (’. 
Finally, Plato’s tables mentioned above, as 
also others, in the United States, ‘have been 
calculated for 20°/4° (', and for 20°/20° C. 

Confining the selyctiqji to thosd* tables 
founded upon direct experiment* the first to 
be mentioned is that of (1835), which 

f nrme( l the basin of the mere complete table 
by Jtrix (1854). In this table, subsequently 
extended by Httletjezre.k and Scheibkr, .and 
still in general use on the Continent, are 
givcif percentages 'of sugar By weight cor¬ 
responding with specific gravities taken at 
17-5717-5” C. 


(ferine It's table, expressed in the same 
manner , 1 was somewhat more accurate than 
Balling’s. It did not, however, come much 
into use until 1890, when, the temperature 
15° C. having been adopted as the “normal” 
in Germany, Srheibler revised the table, and 
recalculated it fey the temperature 15715° C . 2 
About a year afterwards, Seheibler published 
j also a»volume 3 ,containing*an extended tabic, 
divided into one - hundredths of “degrees 
Brix,” with tables of corrections for different 
temperatures. 

t In France, tables calculated for the tempera¬ 
ture 157'4 0 ('., and giving grams of sugar 
$>er 100 e.e., have been„published by Barbet, 
and also by Vivien (1873). Barbel’s results 
agree closely with those of Plato when the 
two series are reduced to comparable terms; 
Vivien's .deviate from them rather con¬ 
siderably. 

Plato’s experimwtfl, made at the instance 
of the German Normal Kiohungs Konimission, 
were carried out on a much more comprc- 
hensi^ scale than those of his predecessors, 
and with much better eqvipmwt. , The sugar ’ 
used was chemically pure sucrose, prepared 
by Uerzfeld in the. following manner . 4 A 
saturated solution of ’Crystallised or refined 

1 Dingl. Point. 1803, rlxxii. 31. 

* Bull, dssoc. Chun. Suer. Dirt., 1800-91, vlll. 412. 

3 Le Tit rage ties solutions suen'es, Berlin, 1801. 

» * See Kumplcr’s Ausfiihrliches llandbueh der 
Zuckerfahrikahon, 1900, p. 88. 
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cane sugar was made, filtered from i/isoluble [ 
matters, and triturated with an equal volume j 
of 00 per cent alcohol ; this treatment | 
precipitates much of the sugar in a purified [ 
form. Ttye mixture was then tilt* rod, the ' 
precipitated sugar washed with # ether, and* | 
driet^ at a low temperature. Plato found i 
the specific gravity of this sugar to be l*. r >S9<k> 
at l5° j\° ('., and 1-59103 at lo'/b”)’ (*• * 
(Tystalliscd sugar prepared from it gave the ; 
results: 1-5870 at 15"/4 ; and 1*5802 at 
15°/15'\ The specific gravity of sucrose' in , 
solution was found to be I-oiftO at 15"'V and 
1-55*>20 at 15 °jj 5°. * 

With this purified sugar two quite inde¬ 
pendent, series of ex penitents on the specific 
gravity of its aqueous solutions were carried 

* out. The first covered'the range 10 to 00 
pc* cent of sugar. Si^ sets of determinations 
were made, one at each of the concentrations 
10, 20, 50, 10 , 50, and 00 per cent. The 
seeoiql series was a much more extensive , 
one; the lowest concentration was 2*5 per 
cent of sugar, tin 1 next 5 per cent: and then 
the series proceed'd, by increments of 5 up 
to 75 per cent. At all the strengths which 
were not the same as thbse in the first series 
two separate determinations were made, by 

* different- observers on different dayrfi so 
that duplicate determinations were obtained 
for the whole range of percentages. The , 
method adopted was that of weighing a 

sinker,” first in air, then in water, and 
then in the sugar solution, by means of an 
analytical balance. All the necessary correc¬ 
tions were introduced. The experiments 
included also observations upon the thermal 
expansion of sygar solutions^ on capillarity, 
contraction, variation of density with change 
of temperature, and <>n t f he hygroscopic 
properties of sugar. By reason of their 
comprehensiveness, and the minute care 
bestowed upon them, they are now generally 
accepted as giving the most accurate values 
for the specific- gravity of sugar solutions . 1 
There are three main fables of specific gravity# 
values, worked out in percentage of sugar hy 
weight ("degrees Brix ”). The first is calcu¬ 
lated for the temperature 15 0 /15° ('., and 
divided into tenths of percentages <p* degrees. 

A second is constructed for ,a range of 
temperatures t° between OVtnd 00' ('. (f 715"), 
and gives integral percentages of sugar from 
1 to 70 per cent. The third, like the first, 
shows tenths-per-cern of sugar, and isVstyb- : 
lished for tl/.c twnpeivturc 20 °jA", ip accordance ; 
with the recommendations made hy the 
Fourth International Congress of Applied 

1 A full account, of the work is published under 
the title: Dir Dirhtr. Autulrhtmng , und CnpilhiriUit 
ran LOsuwjrn rrinrn Hohrzurkrrx in Waswr (Springer, 
Berlin, 11)0(1); and an abridgment, with tables, is 
given in Zrits, tier. deut. Zurkrrind., 1900, J. ‘>82/ 
1079. 


Chemistry (Paris, 1900). An abridgment of 
this table is given hej;c (Table I IT.), and a 
comparison of the three ]>rincipal earlier 
tables with Plato’s first table is also appended 
(Table IV.). 

r Table 111 

Density of Solutions of Sucrose at 20°/4° 0. 


Sucrose. 
Vr cent 
y Weigfit. 

Density. 

i Sucrose. 
Per cent 
by Weight. 

Density. 

0 

0*998234 



l 

1*002120 

i 51 

1 *235085 

o 

$ “ 

1*000125 

52 

1 -240041 

3 

J *009934 

53 

1-240234 

4 

1*013881 

| 54 

1*251800 

5 

1 017854 

55 

1 -257535 

0, 

1-021855 

j 50 

1-203243 

7 

1 -025885 

1 57 

1 -208989 

8 

, 1-029912 

| 58 

1-274774 

9 

1 -034029 

I 59 

1-280595 

JO 

1-038143 

| 00 

1 -280450 

11 

1-042288 

01 

1 -292354 

12 

1-040402 

02 

1-298291 

13 

1-050005 

03 

1-304207 

14 

1 -054900 

04 

1-310282 

15 

1-059105 

05 

1-310334 

10 

1-003400 

; 00 

1-322425 

17 

1 -007789 

07 

1 -328544 

18 

1-072147 

08 

1-334722 

19 

1-07<‘t537 

09 

1 340928 

20 

1 -080959 

70 

1-347174 

21 

1-085414 

| 

71 

1 -353450 

22 

1*089900 

72 

1 -359778 

23 

1-094420 

73 

1 300139 

24 

1 -098971 

74 

1-372530 

25 

1-103557 

75 

1-378971 

20 

1-108175 

70 

1-385410 

27 

1-112828 

77 

1-391950 

28 

1*117512 

78 

J-398505 

29 

1*122231 

79 

1-405091 

30 

1*120984 

80 

1*411715 

31 

1*131773 

HI 

1*418374 

32 

1*130590 

82 

1 *425072 

33 

1*141453 

83 

1-431807 

34 

1* 140345 

81 

85 

1 438579 

35 

lhH275 

1-445388 

30 

1*150238 

80 

1-452232 

37 

1-101230 

87 „ 

1-459114 

38 

1 #,’00209 

* 88 

1*400032 

39 , 

I 171340 

89 

1*472980 

40 

1-170447 | 

90 

1*479970 

41 # 

^•18159^..' 

* 91 

1-487002 

42 

1-18077? , 

92 

1-494003 

4.3 

1-191993 | 

93 

1-501158 

44 

1-197247 

94 

1-508289 

45 

1-202540 1 

f 95 

1*515455 

40 

1-207870 i 

90 

1*522056 

*47 

1-213238 ! 

97 

1 *529891 

48 

1-258043 ! 

,.98 

1*537101 

49 

1*224080 : 

99 

1*544402 

50 

1*229507 I 

100 

1*551800 
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Table IV 

Si’EL’JEio Gravity ok Sucrose Solutions 






1 T 

i g'3i 

;2o 

x'.ij 



C 


~ U 


2 - 2 


Si> 

C v } 

,i|o 

3 m 5 





S * 

» 

1 00000 

1 00000 

1 (5)000 

1 

1-00000 1 

r> 

1-01970 

1 -01909 

1-01978 

A>i»73, 

10 

1 04014 

104010 

1 -04027 

1-04016 

15 

1-00133 

1-00128 

1 -01)152 

1-00134 

20 

1 -0832!) 

1 -08323 

1 -08354 

1-08328 

25 

1-10007 

1-10000 

1-10G35 

1-10004, 

30 

1 -121107 

1-12959 

1-12999 

1-12902 

35 

1-15111 

1-15403 

1-154-18 

1 15407 

40 

1 17943 

1-17930 

1-17985 

1-17940 

45 

1 -20505 

1 Til 1.7.7! 1 

1 20011 

I -20.505 

50 

1-2327# 

1 - 23275 

1 -23330 

1 -23281 

55 

1-20080 

1-20080 

1 -20144 

1 -29050 

1-20091 

GO 

1-28989 

1 28995 

1-28997 

G5 

1-31989 

1 -32005 

1 -32007 

1 31997 

70 

1-35088 

1-35117 

1-35182 

1 -35094 

7.7 

1 38287 

1 -38331 

1 -38401 

1 -38280 


for ]/reuse weighing, including a correct iftn 
for the weight of air displaced by the liquid. 
Sudi a (\ctcrmination, however, is only 
wanted in special eases, ns fos very weak 
sugar solutions. With the hydrostati.' balance, 
feuilts cnrnM to the fourth decimal can he 
obtained. This sullices amply for all ordinary 
Requirements, since four units in the fourth 
decimal place (O tMKM) represent only* (SI per 
cent of sugar. The hydrometer, even at its 
hes'^ gives <*.dv the third decimal accurately, 
and tb : reading js apt to be made somewhat 
unoerta.n by the efleets of surface tension. 

• • 

• Table \' 

$ * 

Densities AT lr>°/f (• * 


I). ttidersky has extended the German J 
tables to show grams of sugar per 100 e.c., I 
as well as percentages by weight, for tempera- | 
lures between 10° and 30" ('., referreil to ; 
water both at 4 ('. and at Id C. as unity ; ; 
and for concentrations up to 30 per cent by 
weight. 1 11 <* has also given a comparative j 
table of the chief experimental results hitherto ' 
published, .ill reduced to the same terms for 
facility of comparison.- This author concludes* j 
that Plato's results are the most trustworthy ! 
of all, and recommends that they should be 
taken ms the basis of tables used in sugar 
analysis, to tin* exclusion of all others. We ! 
giv^‘ (Table V.) the portions of his table which i 
are calculated from Plato’s and Prix's experi¬ 
ments, omitting the others. The results are 
referred hi the temperature. Id /4” (’., adopted 
in French hydrometry. ; 

§ (7) Determination ok Siwar-contest.— * 
In the ordinary routine work of the sugar : 
factory, the strength of the sugar solutions 
js usually ascertained with »a hydrometer ! 
{saccharometer, “ spindle," densimeter). In 
thi' sugar laboratory, .the specify gravity of 
solutions is determined bv means of the 
pyknonieter, or by sftne form of*' hydro- j 
static balance (p.tj. the Mohr or Westphal ! 
balance), whenever it. is 1 ? 4 esired (> to obtain j 
more accurate results than yire given hy the j 
hydrometer. 

To make a determination of specific gravity | 
which shall ho trustworthy to the lift h ; 
decimal, a pyknonieter must he used, with*a j 
sensitive balance and the usual precautions ■ 

• >* 

1 Les ifen.tilt 1 ft tint solutions sueries a tlifferentes * 
temiwrntures, Paris, 1W8. 

3 Hull. Assoc. ('him. Suer. Dist., 1911), xxxvn. 73. I 


Sugar, 

grams. 

* Density at 15 . 4 C. 

Per 

100 

Per 

100 grams. 

*» 

. Plain. 

• 

P.alling-lOix. 

n 

o : 

0 

0-99913 

I 

(>•999X1 

5 ; 

4-91 

1-01844 

I-OIS88 

10 

9 04 

1 03777 

1-03*24 

15 

14-19 

1 1 >■.<?. if 

1-05753 i 

2o. % ; 

18-59 

1-07008 

107072 

25 

22-83 

’ill! 1.7 II 

1-09582 

30 1 

20-93 

1-11407 

1 11481 

35* 1 

30-90 

1 13298 

1 13380 

40 

31-73 

1-15173 

1-15202 j 

45 ! 

38-45 

1 17043 

1 17113 

50 » 

42 00 

1-18900 

1 18997 

55 j 

45-57 

1-20703 

1-20855 ! 

00 

48 90 

1 22001 

l-iiii'.ii 

05 ! 

52 20 

I -24 129 

1-24512 

7o ! 

55- (8 

t-20225 

1 L’liiir.o 

75 | 

.78011 

1-28003 

1-28100 j 

80 | 

(i 1 -04 

1 29871 

1 -29902 

85 ' 

01-59 * 

1-31033 

1-31740 | 

90 ! 

07-48 

1-33400 

1 :t:t.7 

_»_L 

» 




Nevertheless, the degree vf accuracy obtain¬ 
able with the hydrometer sullices for ordinary 
routine work, whilst the simplicity and rapidity 
with which the results are procured have made 
this instrument, fy one form or another, 
ii.Mispensahle to the f«tgaij chemist. The 
ordinary type of hydrometer may be used for 
determining the specitie gravity of sugar 
solutions: hut in general, for sugar work, a 
special foim is employed. Either it is 
graduated to show the percentage of sugar 
direct (Balling-Brix* saccharometer), or it 
gives readings in terms of an arbitrary scale, 
which 1 ^ means of an appropriate conversion 
table* will indicate, the corresponding per¬ 
centage of sugar (Baume'sJ liy<V> meter). If 
the specific gravity is determined, whether 
by pyknonieter, M.thr's balnnee, or hydro¬ 
meter, the corresponding sugar-content is 
found from the table already given (Table Ill.), 
or a similar table constructed for the particular 
temperature employed. 

The general theory of the hydrometer, and 
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tffo methods of calibrating and comparing 
these instruments, are dealt with elsewhere 
in this work (see article “ Hydromctrv ”). 
Hence a simple outline only is necessary here, 
referring*more particularly to the form of 
instrument usually employed in sa<Vharometry! 
This«consists of a hollow glass cylinder, carry¬ 
ing at its lower end a bulb weighted with, 
mere (try" or shot, and surmounted bv a slender 
stem of uniform diameter. A paper scale is 
enclosed in the stem. When placed ip a 
liquid, the hydrometer sinks,until the,weight 
of liquid displaced is equal to the weight of 
the instrument. The heavier the liquid, *cho 
less the saeeharometty: sinks. Tly? dimensions 
and vfeight of the insf.ument may be so 
arranged that the hydrometer sinks to a 
point near the top of the stem when placed 
in water; to a point *:icar the bottom of the 
stem in a sugar solution of known sugar 
content, and therefore to intermediate points 
in stations containing smaller proportions of 
sugar. These points are thus established as 
those'corresponding with known percentages 
of sugar, and infeAnediatc divisions may be 
interpolated. In practice this is done by 
dividing the intervals between the established 
« points into equal subdivisions; this rqjethod 
is not strictly accurate, but the error is 
considered to be loss than the probable error 
in reading the instrument. 

Alternatively, the stem may be divided in 
such a way as to show the specific gravity 
of the liquid instead of its sugar percentage. 
Thus in the foregoing example, if the specific 
gravities of the sugar solutions used are known, 
the established points correspond with these 
specific gravities, and sulRlivisions can be 
interpolated. There subdivisions, however, are 
much less uniform than in \he former case, 
since the distance? between them decreases 
as the specific gravity increases. Twaddell’s 
hydrometer, much used for technical work* in 
this country, is based upon this principle, e&eh 
scale division represent in*; (MKJ5 as specific 
gravity. Thus *a reading of, say, 30° T\(. 
denotes a specific gravity of 1-tMX) + 30 x *005 
= 1-150. 

A third method of calibration is that 
adopted by Baume for his hvdrolneter. He 
used a solution of sodium chloride containing 
15 parts by weight of this salt and 85 parts 
by weight of water. The point to which the : 
hydrometer sank in this solution was«marked j 
t 15', and the yoint to which it sank in distilled 
water at** the same temperature (probably 
about 12-5° ('.) was marked 0. The space 
between these two points was divided into 15 | 
equal parts or degrees, and divisions of the j 
same length were extended downwards beyond 
the 15° point. The Baume divisions arc 
therefore of an arbitrary nature, showing 
neither specific gravity nor percentages of 


j sugar. They can, however, be correlated 
j with specific gravity values, and thence with 
! sugar-content, by means of tables calculated 
for the purpose. This is explained in detail 
fur/her on. 

!, § (8 ) Bai.unu-Bkix Sacoharometer.— This 
! instrument is graduated to show, directly, per- 
, eeiitagc of sugar by weight. It was first 
introduced by /billing, the scale being sub¬ 
sequently revised by Brix. “ Degrees Brix,” 
o' “degrees Baling,'’ therefore, are both 
| understood to mean the same thing, namely, 
the percentage of sucrose, by weight, con¬ 
tained in the solution referred to. The “ Brix 
swindle,” ns the instrument is commonly 
called, is supplied in various series to cover 
the range of sugar-strengths dealt with, the 
most generally useful being a series in which 
each instrument has a range of 10 degrees, 
subdividcd # into tenths of a degree. For more 
accurate readings, the distance between the 
divisions is required to be greater, and there¬ 
fore the stem is of smaller diameter ; hence 
to meet these demands there is a series in 
which each “ spindle ” lias a range of only 
5 degrees, with subdivisions of 0-05 flog roe. On 
the other hand, for rougher work the. range 
of each instrument extends to 30 degrees, 
graduated in half-degrees, or in fifths. Brix 
hydrometers are calibrated at the temperature 
17-5° and if readings are taken at a different 
temperature the necessary correction must be 
introduced (see 'fable II.). Tn some forms a 
thermometer is fitted into the saeeharometer 
itself, but this is not of much advantage when, 
as often happens, turbid liquids arc* being 
examined, since the thermometer cannot then 
he read distinctly. 

The Brix saceharometer is* probably the 
instrument most generally used in technical 
sugar work, and the modern tendency is to 
employ it more and more. But the Baume 
for.n is still widely used, both on the Con- 
: tinent and in America, and it is therefore 
: necessary to discuss this instrument in some 
| detail. 

§ (9) Battm^’s Hydrometer. —There has 
been much eonftision as to the exact interpreta¬ 
tion of the results shown by this instrument—^’ 
that is, as ti^lhe precise* specific gravity which 
the “ ijpgrees ” indicate. Quite a large 
number of different Baume scales” have 
been qsed. The scale was first proposed, and 
the instrument used* as a ptsr-uirop, by 
Ant >ine Baume, « French chemist, in 1708 ; 
but the description given by him is not 
sufficiently precise for the accurate reproduc¬ 
tion of the scale. The exact temperature and 
specific gravity of the solutions he employed 
(see above) q,re in some doubt. Hence pro¬ 
posals have been maclo to construct a 
“rational” Baume scale. , If the hydrometer 
sinks to the point 0° in water, ^and to a point 



SACCHARQMETRY 


731 


d° in a liquid of specific gravity .v, it can be 
shown- that dsj(s J )v m, a constant. The 
value of this constant (or “ modulus,” as 
it is often termed) is found if, d Icing sup- 
poscd known, -v is determined by any suitable 
method. % 

Conversely, if m is known, the specific 
gravity cones[H>nding with any division on 
the Baumc scale can be cahvilated, since the 
foregoing equation transposes to -s- vil(m -d), 
(Jay-Lussae, investigating the oasis 'of 
Baume’s system of hydrometry (181*2), took 
strong sulphuric acid as the test liquid, and 
G(i‘‘ as the value of d. The specitic gravity 
of the acid at 15° C. was 1-8127, whence The 
value of in is found to be 141-32. The Baumc 
scale calculated from this modulus has since 
then been commonly used in France and 
(lennany. In Holland the value of m adopted 
was 144. , 

(Jerlaeh, reinvestigating the question half 
a century later , 1 found the specific gravity of 
a 15 per cent sodium chloride solution, as used 
by Baumc, to be 1! 1383 at 17-5° (-. Putting 
this value for s- iu the above equation, and 
taking d as the point. 15 , the value of m is 
found to bo I4G-78. 

What is known as the “ old ” Baumc scale 
is the one (used in Hollaml) with tlx 1 value of 
ni taken as 144. The “new” or “(Jerlaeh 
scale is based upon the value found above, 
namely 140-78. In the United States the value 
officially adopted, and used by all the hydro¬ 
meter makers, is 145. 2 

The subjoined comparison (Table VI.) of 
the “old,” the “ now,” and the CoS. scale is 
published by the Bureau of Standards, W ash- 
iiigton {Technologic P/tfwr No. 115). 

§ (lo) Svm'AL Foams ok II vdkomkthk. - 
Various modifications of the standard forms 
have been devised, chiefly with the view of 
simplifying corrections for temperature. Thus 
in one device a thermometer is included with 
the Brix “spindle,” but the thermometer scale 
is graduated to show, not the temperature of 
the solution, but the corresponding correction 
to be added to or subtracted from the 
“ degrees Brix ” shown by the hydrometer 
scale (Volquartz). 

Another form* (Vosatka’s) is provided with 
a movable scale, which after adjustment to 
the temperature of the sugar solution gives 
the true reading directly. „ 

Other varieties are - specially Revised for 
dealing with the hot dilute sugar solutions 
(“ sweet water ”) obtained in the operation of 
exhausting filter-press cakes. The tempo, a- 
ture of these waters ” is usually (10° to 80° (■., 
and the hydrometers employed are often cali¬ 
brated for use at these high temperatures in 
1 l>int/L*P<>h/t. •/., 1870, cxcviii. 41!». 

« Vvlc Chandler, Nut. Acad. Sri., Phil:ulel|>hia. 
1881, for the origin iflul early history of the various 
llauntf scales. 


--- 1 --- 

Taiu.u VI 

< OMPAltlNoN' 'IK | > \ |" M k ScM -KS 

| Corresponding Degrees Oaunil*. 



Per cent i 





Sucrose, or 

“ New” 

‘•Old” 

o,s. 


J>egrecs 

Scale 

Scale 

Scale 


Orix. 

(Modulus 

(Modulus 

(Mod ul lie 



14(3-78) 

Ml). 

• 145). 


0 

0-0 

0 0 

0 0() 


• r> r 

2-8 

2-8 

2- 70 


*0 

#5-7 

50 

5-57 


• 15 

8-5 

8-3 

8-34 


20 , 

113 

Ilf 

11-10 


25 

* 14 1 

* 13-8 

13-84 


30 


l(>-5 

M-57 


35 

10-0 

1S)2 

11) 28 


40 

22-3 ' 

210 

2107 


45 

250 

. 240 

24 03* 


50 

27-7. 

27-2 

27-28 


55 

30-4 

20-8 

21) 00 


« (it) 

330 

32 4 

3201) 


05 

350 

340 

3504 


70 

38 1 

37 4 

37 -5(3 


75 

400 


40-03 


80 

43 1 

423 

42-47 


*85 

45-5 , 

417 

4 1 S(i 


IK) 

470 

47-0 

47-20 


;j5 

50-3 

40-3 

41) 41) 


100 



51-73 


order $.<’ avoid the delay consequent upon 
cooling the liquids down to 17-5° C. or 20 (’. 
In addition, these hydrometers are made with 
a large body and a thin stem, so that the 
reading can easily he made to the tenth of a 
degree. One ingenious form (Haugen's) is so 
constructed that, at any temperature between 
30° and 70' the readings (.7 the stem and 
of the, included thermometer coincide when 
the instrument is placed in pure water, but 
dilfer more or less widely as long as any sugar 
is present, in the solution. Hence to determine 
when the extraction of sugar is complete, it 
is only necessary to test samples from time to 
time, until the two 'endings, at first divergent, 
become coincident, showing that no move 
sugar is being dissolved out. For further de¬ 
tails of these special hydrometers sec Browne's 
Handbook of Svyar Analysis (Wiley). 

§(11) Reading Hvouometkus.-- In using 
hydrometers, the liquid to be tested is placed ill 
a clear glass cylinder of such a size as will allow 
the instrument to float freely without touching 
the sid** or bottom. After mixing the liquid 
tlioi.'mghly by means of a stirre^ when neces¬ 
sary, the hydrometer, which should he clean 
and dry, is slowly, immersed in the liquid 
until it just floats freely, without wetting the 
upper part, of the stem. When the instrument 
is at rest, and the liquid free from air-bubbles, 
the scale is viewed from a point just below the 
plane of the liquid surface, and the eye is 
raised gradually until that surface, first seen 
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DKORKRS BlUX, Si KC 1FIC ClIAVITV, AND IIKUKKKM BAUME 


. 


DoRroos 

Sp. (Irav. 

Sp. Orav* i 

lVgrops i 

lirix, <»r p<T ! 

at 

at 

ltaum£ 

c-ont*Simar | 

20 j 4 C. 

| 

20° ,20' j 

(Mod. 145). 

by Weight. 

• 

• * ' ! 

! 

- ■ 

o ! 

(>•99823 

1 -000(0 

0-00 

i ■ l 

1-00212 

1-00389# 

0-50 


1 00002 

1 (J0779 

,ll2 

3 ! 

4 ! 

1 -00993 

101172 

1 -08 

VO 1388 

101507 

2-34 

5 i 

l-0!785 f 

]Ol905 f * 

2-79 

• <w 

1 O2IS0 

# 1-02300 

3-35 

7 i 

1 -02588 

1-02770 

3-91 

8 i 

1 -02994 

103170 

4-40 

# 9 

1-03103 

1-03580 

502 

10 

1-03814 * 

103998 | 

5-;»< 

Jl 

1 04229 

104413 

<*13 

12 

1-04040 

104831 

0-08 

i:i 

105000 

105252 

7-24 

11 

lOtHJO 

1 -05077 

7-79 

15 

1-05910 

1 00104 

8-34 

Hi 

1 00340 

100534 

tS • 89 

17 

1-00779 

100908 

9-45 

18 

107215 

1-07404 

0>oo 

19 

1-07054 

1-07814 

10-55 

20 

1 -08090 

1 -08287 

11-10 

21 

1-08511 

108733 

• 

! 1 -05 

1-08990 

109183 

12 20 

23 

109142 

1 -09030 

12-74 

24 

109897 

1-10092 

13-29 


1 10350 

1 10551 

13 84 

20 

M0818 

1-11014 

14-39 

•’7 

11283 

1*11480 

4 14 93 

28 

111 l* 1 

1 12223 

1-11919 

15-48 

29 

1*2422 

•10-02 

30 

1-120*18 

1-12898 

10-57 

31 

1-13177 

1-13378 

17 K 

32 

1-13000 

1-13801 

17(i»: 

33 

1 14145 

€ 1 14317 

18 19 

34 

1-4,1034 

1-14837 

18-73 ♦ 

35 

1-15128 

1-15331 

19 28 

30 

1-15024 

1-15828 

19 81 

37 

1-10124 

1 1-10329 

j 20 35 

38 

1-10027 

1-10833 f 

■ 20 89 

39 

1 17134 

1 17341 

j 21-43 

40 

■ 

1-17045 

1-17853 

• 

i 2,07 

41 

i 1 18159 

| 1-18308 

! 22-50 

42 

! 1-18077 

1 1-18887 

*23-04 

! 43 , 

: ,1191,99 

i 1-19410 

1 23*b7 

! 44 

1-19725 

1-19930 

j 24 10 

| 45 

i 1-20254 

% 1-20407 

| 24-03 

40 

1 -20787* 

1-21001 

25 17 

47 

1-21324 

j 121538 

25 70 

48 

j 1-21804 

I 1-22080 

20-23 

49 

1 -22409 

1 -22025 

20-75 

50 

i 1-22957 

! 123174 

j 2™8. 


j 


Sp. (irav. j 

Pounds 

Hrlx.or p«*r - 


at J 

Baumtf 

f-i'ut SiifXitr ! 


2(1 ,20 C. .( 

Mod. 145). 

by WfiKht. 


| 


# 51 * 

1-23508 

1-2:1727 | 

27-81 

a-> 

1-24004 

1-21284 j 

28-33 

53 

1-240^3 

1-21844 j 

28-80 

54 

1-25187 

1-25408 

29-38 

« 55 

1-25754 

1 25970 

29-90 

50 

1 -20324 

1-20548 

30 42 

57 

1 -20899 

1-27123 l 

30 94 

58 

1-27477 

127703 ! 

31 40 

59 • 

1-28000 

1-28280 j 

31 97 

on i 

1-28010 

1-28873 i 

32 49 

01 

1 -29235 

1-29401 ! 

33-00 

(H 

1-29829 

1-30059 

33 51 

03 

1 30427 

1 -30057 

31-02 

04 

1 31028 

1-31200 

34 53 

05 

1 31033 

1-31800 ; 

35-04 

00 

1 32242 

1 -32470 

35-55 

07 

1 -32855 

1-33090 

30-05 


1-33472 

1 33708 

30-55 

j (ID 

1-34093 

134330 

37-00 

I TO 

1 34717 

1 31950 

37-50 

1 

; 71 

1-35340 

1 -35585 

38-00 


1-35978 

1-30218 

* 38-55 

73 

1 -30014 

1 -30850 

39-05 

i • 74 

1-37254 

1-37190 

39-54 

75 

1-37897 

1-38141 

1003 

70 

1 38545 

1 :l.H7!W 

40 53 

77 

1-39190 

1 -39442 

4101 

78 

1-39850 

1 40098 

II 50 

j 79 

1-40509 

1 40758 

4 1 -99 

80 

J 41172 

1 41421 

42-47 

81 

1 41837 

1-42088 

42-95 

82 

1-42507 

1 42759 

43-43 

;• 83 

1-43181 

1-43434 

43 91 

! 84 

1 43858 

1 44112 

11 38 

1 85 

1 41539 

1 -44794 

44-80 


1 45223 

1-45480 

45 33 

87 

1 45911 

1-40170 

45-80 

88 

1 -40003 

1 408;»2 

40-27 

1 89 

,«-47299 

• 1-47559 

-10-73 

1 90 f 

1 -47998 

1 48259 

47-20 

| 91 • 

1 -48700, 

1 -48903 

1 47 00 

92 

• 1 lilllt. 

* 149071 

48 12 

! 9.> 

1 501 to 

1-50381 

48-58 

1 94 

1 -50829 

1 -51090 

! 49-03 

95 

1-51540 

1-51814 

i 49-49 

1 90 

1 -52200 

1 52535 

49-94 

| . 97 

1 -52989 

1 53200 

j 50-39 

98 

1-53710 

1 -53988 

50-84 

i 99 

1 54440 

* 1-51719 

• 51-28 

• 100 

1-55J80 

1-55454 

51 73 
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ftH an ellipse, appears as a straight line. The 
point where this lin^ cuts the hydrometer 
scale is taken as the reading. The meniscus 
of liquid formed round the stem b| capillary 
attraction is disregarded. The temperature 
of the solution must be carefully noted, and 
if, as usually happens, it differs from th% 
standard temperature (15-0°, 17-5°, or 20° C., 
as the ease may be), the proper correction 
must be applied. Ideally, the hydrometer, 
the liquid, and the surrounding atliosph^rc 
should all he at the standard temperature, j 
but these conditions, of eyi.rse, are not often i 
obtained in practice. 

§ (12) Sue ! Ait Tabu:.-T he most recent su^ar j 
table issued, showing degrees Brix, or per- ■ 
centage of sugar by weight, correlated with j 
degrees Baume and with specitic gravity, is | 
one. by Bates and Bearee, and published by , 
the United States Bureau of Standards in i 
1918 (Tcchnotoifir Paper No. lib).* It is based . 
upon Plato’s s]>eeilie gravity determinations, 
and the temperature 20 (’. is adopted as being 
the most convenient, and one widely accepted 
for sugar work ; the Baume scale used is cal¬ 
culated with the modulus 145. An abridgement, 
of this table is subjoined ('Pablo VII.). 

§(13) Usk of Solution-factors. - Within j 
certain limits, the proportion of sugar in a solu¬ 
tion can be determined from the specific gravity 
by means of a “ solution-factor,” thereby dis¬ 
pensing with the use of tables. If, for example, 
10 grains of sucrose be dissolved in water, 
and the solution made up to 100 e.e. at 
1 5 the specific gravity of this solution 

at lb b /lb-5° C. will he found to he 1038-0 
(water 1000). The excess specific gravity 
over that, of water is therefore 1038-6--J000, 
or 380. Assuming that the increase of specific 
gravity produced is always proportional to the 
quantity of dissolved sucrose, one gram of 
sucrose per 100 e.e. would give an increase of 
3*80, and x grams would give .r times 3-80. 
Hence, conversely, to obtain the concentration 
a- (grams per 100 e.e.) of the sugar in a solution 
the specific gravity of which is 8 , we ha\e 
(S - 1000) 

* ' :t si) ” 

where 8 is expressed in terms of water taken 
as 1000. For example, if a soldlion of sucrose 
has the specific gravity 1055-4, it will contain 
55-4/3-80 - 14-3 grams of sugar per 100 e.e. 

This method was first psed by O’Sullivan in 
his investigations upon thT prod Rets obtained 
by the hydrolysis of stare !). 1 Brown, Morris, 
and Millar subsequently determined the values 
of the solution-factors for other sugars than 
sucrose,- and Bing, fcynon, and Lane have 
repeated the investigations in respect of 
de\tu>s«, laevuloso,«md inaltos #. 3 The factors 

• Ciu'M. Sor. 1870. XXX. 12B. * 

» Ibid., 18«7? lxxi. 72. 

s J. Hoc. Chem. Ind., 1909, xxvni. »30. 


given Jielow are regarded as accurate *for 
solutions of the sugars mentioned, at a con¬ 
centration of 10 grams per UK) e.e. : 

Sucrose ..... 

Dextroso ..... 

Larvulos*. .... 

Invert siurar .... 

Maltose. 

Mixed starch-conversion products 


. 3-HO 
\ 3-82 
. 3 92 
. :> H7 
. 3-01 • 

* |«P93 to 

• 14-01 


• he solution - factors, however, are not 
constant for irfl degrees of concentration : t 
tli#*ir \ allies decrease somowlfcil as the con¬ 
centration .increases. Hence it is customary, 
in analysiigf eomqjercTal jiroducts, ^o work 
with solutions containing 10 grams of the 
product per 100 e.u ; or if a strong suga!* 
solution is being dealt with, to dilute kinmvn, 
quantity until the specific gravity is reduced 
to about 1-04, before calculating the sugar- 
consent by means of the factor, For mixtures 
of sugars the factor 3-80 is generally employed ; 
and for solutions of mixed starch-conversion 
jiroducts, the round nuin^gt<4 gives fairly good 
approximate results. 

vj (\4) Impure SiufAK Solutions. - It must 
be borne in mind that, as already mentioned 
at the beginning of this article, many of the 
liquids dealt with in technical work contain 
not only sugars, but more, or less mineral 
matte*, and organic acids or salts. Fyr a 
given concentration, solutions of most salts 
show a higher sjieeific gravity than the sugars 
do. Hence, whether the tables or the factors 
are emjdoyed, since both are based upon the 
data for pure sugars, the results may show 
appreciable errors when uppljed without cor¬ 
rection to th<' impure solutions in ijiicslion. 
Brow ce (op. rit.) gives the idlowing particulars 
in illustration of this : % 

Table VIII 


* Aqueous 

Solutions at 15’ 

<*. 

... j 

* 

Tartar!? 

Acid. 

podium 

Potassium 

Tartrate. 

Potassium 

t'arhonat*. 

1 per cent 

. .. 

per cent 

per e(‘iit 

per eent 

; 10039 j* i 

0-87 

0-57 

0 43 

1-0078 2 

1 73 

114 

0-86 

10118 j 3 

•2-02 

1 71 

1 29 

1 1-0157 4 

3 49 

2-28 

1 72 

10197 ! 5 

4 40 

2-87 

2 15 

; l-04tS : 10 

8-67 

5-87 

4-40 

; 1 -t>833 ] 20 

17-52 

• I***’ 

9-00 

1-1296 j 30 

26-29 

18-38 

13 78 

i 1-1794 1 40 

35-33 

24 73 

18 72 

1-2328 50 

*4 4 ±'. 

31 10 

23-76 


A further point is that when very tlmk 
syrujis have been diluted with water as a 
preliminary to taking the specific gravity, the 
above-mentioned inaccuracy is enhanced, ow ing 
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difference in the amount of contraction 'Jest on concentricity of diameters. See 
as between sugars-and. impurities when mem- ibid. § (20). # 

hers of the two groups arc dissolved in water. Typos of machines for measuring pitch. 

For many tfi< t.ory operations the* error is of Set ibid. § (24) (A), 

no moment, since, as already explained, it is Projection apparatus for testing. Sec ibid. 
practically constant during a campaign, and* * $ (30), 


the observations are essentially comparative, j • 
Tii other eases a correction is introduced. One J 
method (empirical) of doing this is to multiply 
the percentage of soluble ash in the sample 
by 0-8, and deduct the produc^ from the 
specific gravity of the solution, determinecT at 
a concentration of 10 grams per 100 e.c. From 
the specific gravity thus corrected, the sug&r- j 
content is deduced as # usual by nutans of the j 
tabfes <g‘ by using the appropriate division. 

c. s. 

• 0 

AlUtllKVJATIONS ANI) Kl’U. TITLES 

* find. Assoc. ('him. frier. Hist. — ID-llelin tie I 
I' Association ties Chimistcs tie Surrerie el Distiller if tie \ 
I'm nee. 

/ Ceils. Yer. Drill. Zuekerintf. — Zeitsehrift des 

Verein4 tier Deutsche it Zurkerindustrie. * 

Diit'ji. Dalai, d. Dhujlcr’s Dolatcrhnisches Journal. 

Mat. Acad. Sri. --Sational Aeitt/emf/ of Sciences, 
l’llilailcM'liia. 

J. Soe. ('hem. Ifrl.r Journal of the Society of 
Chemical Industry. 

_ _ 9 * 

Sacchakom ktuv. See " Hydrometers,” § (1!)). 
Scale of Mercery Bauom ::tkr, graduation 
of, in pure length units. See " barometers 
and Manometers," $ (2) (i.). 

Scales : methods of division of micrometer 
scales. See " Micrometers,” § (1). 

Scales and (Iaikjes (engineers’). See Metro¬ 
logy," § (17). 

Scales for Wkiohinc, self-indicating. Sec 
“ Weighing Machines," § (S). 

Scintillation . 9 or Twinki # |n<; of *!tars, 
expatriation of. See “ -Meteorological <)p- 
tics,” § (11). * • 

Screw Gaelics : , 

Adjustable plug for measuring pitch and 
effective diameters of screwed rings. 

See “ Gauges," § (40) (v.). 

Adjustable ring for testing B.A. screws. 

Sec ibid. § £40)*/vi.). # 

Measuring attachment for lathe. See ibid. 

§ (23) (iv.). 

Methods of producing and generating 
thread forms. Sec ibid. § (41). 

Optical measurements of. See ibid. § (32). 

Plug form : data for use #n the measurement 
of effective diameter with standard 
wires. See ibid. § (03). 

Machines for measuring effective j.nd 
core* diiftnoten. See ibid. § (23). 
Measurement of angle of flanks. See 
ibid. § (21). • . 

Measurement of fundings at crests and 
roots, and examination of general form 
.of thread. See ibid. § (22). 

Mechanical measurements of. See ihid. f 

§( 19 ). 


Ring form : effective diameter, measure¬ 
ment by means of expanding gauges. 
See ibid. ^ (20). 

Experimental machine for measuring 

• effective diameters. See ibid. § (30). 
Machines for test ing pitch. Soe. ibid. § (2b). 
Mechanical measurement by slip gauges 

and special fittings. See ibid. § (28). 

• Mechanical measurements, examination 
of threads by means of casts. See ibid. 
§ (27) (ii.). 

Mechanical measurements, plug check 
tests. See ibid. § (27) (i.). 

“Scissor” type for measuring B.A. screws. 
See ibid. § (10) (iv.). 

Special gap gauge designed by Mr. W. 

Taylor. See ibid. § (40). 

Special type for small screws. See ibid. 
§(40)(vii.). 

Taper, measmenienls of. See ibid. (37), 
(33), (30). 

Taylor expanding effcctivi* diameter plug 
gauge for testing screw threads. See 
ibid. § (40) (iii.). 

For besting effective diameter of nuts, see 
ibid. § (10) (ii.). 
i Tolerances of. See ‘‘ Metrology,” i; (27). 

fcjjprunv Threads: 

Definitions of elements of. See “ Metro¬ 
logy/’ § (23) (i.). 

Effective diametral error. See ibid. § (24) 

^ (ii.)- 

Elements of full (or major) diameter, core 
(or minor) diameter, effective (or pitch) 
diameter, pitch, angle, radius at crest, 
radius at root. See ” Gauges,” § (18). 
Envelopes, /.ones, grade, and play, definitions 
* of. See “ Metrology,” $ (2b) (ii.). 

Errors in angle. See ibid, tj (21) (iv.). 

Errors in cretit and roo 4 diameters. See 
ibid. § (24) ^v.). 

Errors in form of crest and root. See ibid. 

§ (24) (vi.). . 

Gauging of* See ibid. § (2b). 

Methods of production. See ibid. § (23) (ii.). 
Microscope apparatus for measuring. Sec 
“ Gauges,” § (XV,. $ 

Pitch errof. See “ Metrology,” § (24) (i.). 
Relation of errors in effective diameter and 
pitch. See ibid. § (24) (iii.). 

Special gauges and instruments for testing. 

See “ Gauges,” § (40). 

Standard types. See ibid. § (43). 

Table of stafidard sizes.* See ibid. »(••.*). 

» Tolerances suitable for. See “ Metrology,” 

§ ( 2 «). ' . 
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Screws, Micrometer, for subdividing the 
space between scale divisions. See “ Micro¬ 
meters,” § (2). 

Ska Water : I' 

Composition of. Sec “ Oceanography, 
Physical,” § (1). . 

Measurement of currents. See ibid. §§ (24)- 

(31). 

Measurement of temperatiye and collection 
of water samples. See ibid. §§ 

Properties of : * 

Chloriniky, salinity, and density. See 
ibid. § (2). * 

Compressibility. See ibid. § (5). 

Density and temperatuiv. See il/id. § fd). 

Kleelrie eonduetivity. See ibid. $ (If). 

Kvapuratinn, See ibid. § (11). 

Freezing point. See ibid. § (4). 

Cases absorbed by. See ibid. § (17). 

Osnmtie pressure. See ibid. d(10). 

Speeilie heat. See ibid. § (7). 

Surface tension. See ibiil. § (12). 

Thermal eonduetivity. See dud. i (S). 

Thermal expansion. See ibid. $ (0). 

Transparency. See ibid, § (Hi). 

Viscosity. See ibid. § (Id). 

Salinity and density, determination of. See 

ibid. §§ (»2)-(dii). 

Sl.eoNi,At;Y DlSTUItBANCK OF PlUiSSUllK. See 
“ Atmosphere, Pliysies of," § (18). 

SKiSMOJIKTRV 

§ (1) Tun Skismomktku. - Any jnstrumen* 
which measures tile motion of tile ground 
durino air earthquake or other seismic dis- j 
lurhance is termed a seismometer. Tile term 
scismograjdi * is, however, more generally 
employed, since most instruments of the 
kind provide a record, or seismogram, on a 
more or less enlarged scale, of the motion. 
The most general form of such motion involves 
six independent quantities, viz. displacements 
in three mutually rectangular directions, and 
rotations about three axes in these directions. 
The measurement of the rotations (which are 
always exceedingly small except, perhaps, 
at, places near the seat of disturbance) presents 
difficulties, amt as yet no continuous record 
lias been obtained of them. In what follows 
attention will therefore be eiiieily’ directed 
to the measurement of the three linear dis- 
placements. The dn;-rtJ.#is in .which these 
are generally measured a{e the lines drawn 
from the place of observation to the north, 
east, and the zenith. Obviously the same 
type of instrument will serve for both lion- 
zontal measurements. • 

(j.) Dwri/il ion. - - The general aim in seismo- 
met'r^ (las I,ecu to arrange, by mechanical 
or other means, .that, a certain point of t-liS 
apparatus shall remain relatively at rest, and 


then to contrive means thereby the moliornof 
the ground relatively to this “ steady point,’ 
as it is termed, shall be continuously recorded. 

! A heavy mass, suspended by a Jong line wire 
j from a point fixed in connection#with the 
ground, is first approximation to the former 
result; for when the point of support tpoves 
I with the, ground the heavy mass tends to 
f remain stationary. If there be attached to 
! the suspended mass a pen or pencil resting on a 
j horizontal beet of paper which moves with the 
' ground, the trace obtained on the paper would 
repret^nt that'‘motion. Such an arrange- „ 
mClit, known as a pendulum seismograph, 
has been f.£quently used, examples oi which 
are the. Italian seismographs of Drs. ^ganten- 
none and Vieentiiu (Eg/. 1 and Fig. 2). In 
I practice it is desirabi'e that the period of tht^ 

! pendulum shall be of eonsiderabh* length; 
j 10 to t»0 seconds ary in common use. 
j A modilication >f the simj>le pendulum 
j whidh has the effect of lengthening the period 
I is the duplex pendulum of Ewing (INSO). 
This is a simple pendulum combined with an 
inverted pendulum, whew ♦he relative masses 
1 of the bobs may be so chosen that any degree 
of stability is a'tftiined. Again, consider 
another type represented in Fig. A rod^ 

All is pivoted at A and B in a rigid frame 
secured to the ground, and the line All is 
given a verv slight inclination to tin* vertical. 
From Its middle point C, and at right aiw/les 
to it, the rod CM projects, carrying a heavy 
mass M at or near its extremity. It is clear 
that if All were horizontal the system would 
behave as a simple pendulum, while if All 
were exactly vertical the mass M would he 
in neutral equilibrium. By, inclining All 
through a small angle from the vertical, 
the effective v»lue of thV gravitational ac¬ 
celeration is reduced from ;/ to <t sin i. In 
equilibrium, with no seismic disturbance in 
l»; igress, M is at the lowest point it can reach 
in* the course of a complete rotation about 
All. This type, ii; which the path of oscilla¬ 
tion is approximately iw a % horizontal plane, 
is termed a horizontal pendulum and forms 
the basis of most of the modern forms of 
seismograph. Its chief merit, when compared 
with the vertical type, lies in the small dimen¬ 
sions which may be employed. Long periods 
of use illation are rrtidily obtained by a simple 
adjustment of the angle i. When the ground 
movef^ in a direction having a component 
perpendicular to the plane containing A11 ^ 
and this lowest point, the fhas# M tends 
j to remain at rest while the axis All, moving 
i with the ground* produces an inclination 
! of the arm CM away*from its equilibrium 
j position. It must also be noted that any 
j rotation of the ground about the approxi- 
| jnately horizontal axis CM, or about a 
i vertical axis, will also produce motion of 
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tit; arm CM. A wfiting point attached to 
M may then trace on a sheet of paper or 
smoked glass a record of the motion, and if 
the paper or .glass be given a uniform motion 
in the direction CM, we should obtain the 
scisniograni of the disturbance, This arrange* 
menu—one of tho forms of the horizontal 
ppndulum seismograph—was first introduced j 
in a practicable form by Kuing in 1880, and*J 
by it he obtained the first rout inuous record | 
of earthquake motion. There area number of I 


thus enabling the rod to oscillate in any direc¬ 
tion. In this form ^lic pendulum is only 
stable within certain limits: stability is 
sometim<|< increased by one or more delicate 
springs acting horizontally upon the mass ; 
stops are also provided to arrest undue 
^iscillatiou. 

(ii.) Theory .—From the dynamical point of 
view the many different forms of horizontal 
pendulum seismograph are identical, and the 
f^lowiilg is a condensed account, on the lines 



forms of the horizontal pendulum, the chief 
difference being in the method of suspension. 
Fig. 4 is perhaps the most conation form 
and is user! in the Milne, Milnc-Shaw, Omori, 
Mainka, etc. The pendldum is supported 
by a tie wire FL> and a point at C. 

Fir/. 5 is the well-known Zollner su^iension 
where there are two tie wires K(‘ and J )F. 
CD then ?•eocenes the ideal axis of rotation. 
The (halitzin pendulum is suspended in this 
manner. ^ • 

Another type is the inverted pendulums of 
Marvin and Wieehcrt, where, a heavy mass 
is carried by a stout vertical rod whose lower 
end terminates in a Cardan spring (two tlaj 
springs placed at right angles to each other). 


of flalitzin’s treatment, of the theory of their 
action. 

We may suppose thaf. essentially, the in- 
i strument consists of a heavy mass, placed 
at one Aid of a rigid rod, and capable of 
rotation in a nearly horizontal plane about 
an axis passing thfi/ugb the other end of the 
rod and very slightly inclined to the vertical. 
Neglecting rotational effects, the equation of 
I motion of the arm will he 


(1*0 .dO * 1 d 2 x 

rf/ .+**«+»-«+ /<ft . 


j where 0 is the angular deflection of*fcht< arm 
j *irom its equilibrium position^ l is the “ reduced 
i length ” of the pendulum, x is tho co-ordinate 
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of position of the ground relative to fixed 
axes, and where /,: and # /t are constants. The 
second term is introduced in order to take 
account of ajy damp¬ 
ing of the motion, 
such as might he pro¬ 
duced by friction at? 
the pivots, air resist¬ 
ance, or other artifici¬ 
ally introduced cause. | 
Jt is important to n<^e . 
that the assumption is | 
ma^c that tne friction 1 
is proportional to the . 
angular speed of •he j 
arm. When tin damp¬ 
ing is due to air resist. J 
ancc, or fluid friction, 


than tin? first, 0 will uKvays be jiositive, Hie 
arm swinging out to a maximum delieetion 
and thereafter creeping tiaek asymptotieally 
to zero. In the third ease • 

, 0 ■ e ~ /,7 | A eos fit -I B sin jit ], 

where fi : - \ k" - U". But A O in t his ease, 
ian<l the detleclion at time t is • 


0 


-kt 


sin fit. 


liar- 




or to electromagnetic damping (as in the 
(lalitzin instruments), this assumjition is 
warranted. But where the end of the arm ; 
bears against any pivot (as in the Milne j 
or Omori instruments), ! 
or where the nearly ; 
vertical axis is sun 
ported on two pivots 
(as in the bracket 
seismograph of Ewing), 
the friction is of an 
indefinite and possibly 
variable kind, and the 
assumption is less 
justifiable. The eo 
efficient k is known as 
the damping coefficient. Tin* third term 
involves ir, which, for small angular dis¬ 
placements. is equal to tf/l. • We take, first, 
the case of the free motion <jf the pendulum, 
such as would be produced by 
giving the mumble arm an initial 
angular velocity V, after whifli it 
is left to itself, the ground bein'* 
at rest. We thus get 

« = I A;< . M 

where • 

tt, - /.’ + \i‘* ~ «*» «»” k - s k" ■ 

Tliree eases therefor# arise, according as 
k -or • n. In the. first • 

. • 0 — V "*‘'1, 

a, - <h • 

and, the second term diminishing more quickly 


The f* ndulum ^notion is then damped 
lii^nic motion, the amplitude 
decreasing logarithmically with 
the time. •The soyonfl 
limiting case 
between the # 
first and third, 
and the pen¬ 
dulum is then 
saiilg to be at 
tlic aperiodic • 

limit. The motion is given by 

\\* have next to investigate the heliaviom of 
lire pendulum when the ground is sfSjeet to 
a giil-ii molion, and it may lie supposed that? 
this is of the simple harmonic type, so Unit 
sin |>/ + o) may lie jjllist ituted in the 
fundamental equal ion. J he solution is # 


I - t - ;t|l’, eos ,it + 1’, sin ,','j 


J "‘ - , sill '/i (I r) H a! • 

■ / xyd 2(»*. -/."}//“ - a 1 

'fhc fi^t term is wholly an instrumental effect. ; 
the sec>nd is a torced oscillaflon, and is due 
to thc#i(‘ismic motion. • . 

The effect of damping, or its absence, has 
jir.st to lie considered. *lf the damping be 
heavy, so that the pendulum is at the aperiodic 
liylit*, k -n and The second part of 

the instrumental term therefore disappears, 
# ml, with the ooefftcieny the importance 
of the first part will diminish quickly. The 
forced oscillation is also simplified, so that 


F 

: 'b 





Fra. 5. 


«fb) • 


very soon after Hie pendulum has started 
moving its deflection lmtv be represented by 

0 ‘ r . m J‘ sin [/>(/ - r) + 3 [■» 
l ii- -) p- 

where pr-2npl(n* - ji*). The motion is there- 

3 R 
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foi 3 simple harmonic,' the period lining the 
same as that of the seismic wave. The phase 
is retardod by an amount pr, and the amplitude 
is proportional to that of the seiSmie wave. 
The ratio- of the maximum deflection of the 
pendulum to that of the seismic wave is thus. 
p 2 //(e a + />*). 

On the other hand, with a damping co¬ 
efficient of low value, so small as to approach 
zero, we have k — 0, r=*0, fi = n, and the de¬ 
flection is given by 
0 = [ Pj cos nt + «in nt J 

,/ 5) - 

Determining the constants P lt P 2 , on the 
supposition that 0~0 and d0!dt—0 when 

0, it can bo shown that, if 8 is supposed 
ze; o, 

0 — X, . n ^ Jp siir pi - n sin nil 
l n- - p 2 

This diows that when the periods of" the 
pendulum and the seismic wave are equal, 
or needy so, resonance produces very large 
deflections. Undamped seismographs there¬ 
fore give an entirely yrong representation 
of the ground motion. Further, instruments 
in which the damping coefficient is unknown 
or cannot be numerically determined with 
accuracy are of little use in measuring the 
actual displacement during an earthquake. 

§ (2) The Record. —The relation between 
the ground displacement and that shown on 
the seismogram has now to he considered. 
This will depend on the manner in which the 
record is produced. The different methods 
which have been employed may be classed as 
mechanical, optical, and galv?mometric/ 

(i.) Mechanical .—In the lirst of these J^hc end 
of the pendulum boom carried a pen or writing 
point which traces a record of the deflection 
of the boom on a suitably prepared surface 
which moves at constant speed parallel to 
the direction of the undisturbed boom. If 
y be the deflection on the seismogram, while 
the distance of Tic writing point from the 
axis is L, then y ----- L 0, and if the damping is 
such that the pendulum is at the aperiodic 
limit 

IjXmP* ■ , 

* w-r)+«j. 

(ii.) Optical. — With optical methods of 
registration, a mirror placed upon the axis 
of rotation reflects a fixed beam of lignt to a 
scale or a jnovTng akeet of photographic paper. 
The angular deflection of the beam is twice 
that of the boom, and if *he scale or photo¬ 
graphic paper is at a distance A from the 
mirror, 2A takes the place of L in the fore¬ 
going expression. 

(iii.) Galvanometric (Galitzin ).—The method 
of galvanometric registration, introduced by 


Galitzin depends on entirely different prin¬ 
ciples. The boom carries at its end a hori¬ 
zontal coil of fine wire whose terminals are 
connected* to a galvanometer. Permanent 
magnets 1 placed above and below the coil 
induce a current in the coil when the boom 
*knovcs, and the measurement of this current 
by the galvanometer provides the data re¬ 
quired for determining the motion of the 
boom. The magnitude of the current will be 
proport bnal to t he area and number of turns 
in the coil, the strength of the field, the 
angular speed of the boom, and inversely 
proportional to the total resistance in circuit. 
It may therefore be represented bv - a(d0)dt ). 
The deflection 0 of the galvanometer (usually 
of the moving coil type) is related to t he angular 
displacement 0 of the boom by the equation • 


dP “ dt 


- N-0-i a 


do 


- 0. 


| Lf therefore the ground displacement is simple 
I harmonic, as already supposed, we have, by 
j introducing the solution of the equation for 
the aperiodic horizontal pendulum moving 
j under a seismic wave of form sin (pi + o). 


d' 2 (f> 4 ,.,rf 0 
rf*» +2K rfi + v *- 


P'Xm 

"l(n- - 


sin 0’i 1 8,), 


; where 8 l — 8 — pr - (tt/ 2). It follows that 0 and 
| 0 are related linearly and that there is a 
i difference in phase between the two motions. 
The magnification can be easily obtained from 
the solution. 

’ § (3) Vertical Seismometers. --So far the 
i horizontal motion of (lie ground lias alone 
been considered, instruments for the moasure- 
1 ment of vertical motion are also ip use. Goner- 
l ally they take the form of a boom carrying a 
j heavy mass, and pivoted at one end while 
] being supported horizontally hv a coiled 
! spring. The equation of motion is precisely 
i similar to that of a horizontal pendulum, and 
the registration of a disturbance in the vortical 
i direction can he. carried out by any of the 
i three methods already described. 

§ (4) The Gai.it/.in Instruments. —The 
principles involved in seismometry And their 
j most complete application in the instruments 
! devised by tlit; late Prince Boris Galitzin, and 
i the folio, ing brief notes on the chief points 
in their construction may be of interest. The 
horizontal pendulum is built up on a metal 
base, plate, -hr frame, provided with levelling 
screws. From four rectangularly arranged 
points in the base, metal pillars, braced 
i together, project vertically upwards so as to 
form a rigid framework. The suspension is 
: of the Zqllner type, and the inclination of 
| the axis is so small that with t*.on given 
| ‘pendulum length the period of oscillation is 
; about 24 secs. The boom is a stout brass 
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rod, 28 cm. in length, and carries a cylindrical 
mass of brass weighing 7 kilograms, centring 
at ii point 14 cm. from the inner end of the 
boom. Beyond the brass cylinderjthe boom 
carries a horizontal flat celluloid case, enclos¬ 
ing four horizontally arranged coils of line 
copper wire. Abo^c and below these coil® 
permanent tungsten steel magnets are placed. 
Tho magnets are so supported that the dis¬ 
tance apart of opposing poles may bc^adjusted 
easily, so that, the field between tlt-m mgy 
be kept constant when the strength of the 
magnets decreases slowly with time, 'the 
coils are so coupled together that tin inductive 
effects of their motion in tho .magnetic t»ld 
are added together, mid their terminals are 
connected to two wires stretching backwards 
along the boom. The ends of tire latter aie 
connected to others, attached to the frame¬ 
work alld passing to the galvanometer, by 
means of very line slips of phosphor bronze. 
The damping is magnetic, and for this purpose 
the boom carries at ils outer end a horizontal 
brass plate which swings between the poles 
of permanent magnets placed above and below 
it. The wires from the coil system pass to 
a mirror galvanometer of the moving coil type. 
A lived beam of light is reflected from the 
mirror, through a horizontal semi.cyliiidrieal 
lens to a sheet of photographic paper stretched 
on a drum rotated by clockwork. 1 lie drum 
also moves uniformly in the direction of its 
avis. Its peripheral* speed is .10 mm. per 
minute, and time marks are made oil the 
record by shutting off the beam of light %r 
two seconds al the beginning ol each minute. 
The shutter is closed by an electromagnet 
energised llilough a contact on an accurately 
timed and rated clock. The record thus pm- 
duccd is a. series of curves across tin* sheet of 
photographic paper, and the time of any 
seismic occurrence at the place can be nscet- 
tained lo within a second. The magnification 
for seismic waves of simple harmonic type 
varies with their period. For example, on 
the Fskdalemuir Observatory instruments, 
the amplitude of a wave »f*20 sees, period 
is obtained in microns (-001 mm.) by multiplv- 
i„„ the amplitude in millimetres on the seismo¬ 
gram by 1-2. Tiffs .is a much higher yield 
in the matter of magnification than is afforded 
l, v any other type of seismograph, and in 
consequence the tlalitzin instruments give for 
each seismic disturbiincS^a wealth of detail 
such as cannot bo otherwise obtained. 1-or 
details as lo the determination of the constants 
of these instruments, OaUtam’a Yorlegiinqeii 
fiber Seismnmetrie. should be consulted. The 
great merit of these deservedly famous instru¬ 
ment* lies in the fact that every detail of 
constfuAion has bbeii made the subject of 
careful experimental inquiry and default* 
proof obtained that in their behaviour they 


represent an actual translation into realty 
of the solutions of the differential equations 
which express their motion. 

§ (5) The Mienb Seismooh^i’H.—T his in¬ 
strument—the design of the late* Professor 
•-John Miln§, P.R.S. was the <>qp chosen of 
four types examined by the ttcismological 
Committee of the British Association for 
a world survey of seismic phenolwn*' com¬ 
menting in the year 181)7. Nineteen machines 
I had previously been erected in Japan and the 
| twentieth a f SJiidi. 

] The selection* was made on account of its » 
\ sifliplieity of construction •and operation, 
freedom frtfcii friction, ^ud its ability to record 
! both short and longwave periods. • 

Its two chief defects became apparent as 
j the science advanced, viz. it mngnilies the 
: ground movement only six times and ft is* 

: almost wholly undamped, 
i The instrument (/’?>/. 0) consists of an 
cxtfomcly light, boom AB of aluminium tube, 

; .‘10 inches in length and averaging i inch in 
diamet er. This is supported upon a mist-iron 
| column CD, 20 inches in lfcf&ht, 
whojjo base is a tnpod with 
l three levelling screws at its 
| angles. The forward screw 
l serves for regulating the angle i 
; to obtain the period of 18 to 20 
; seconds which is in general use. 






Mu 

A 

A‘i 



H 

• 

• 

• 

_5 M 

A* J 

• 


T§ M 


1 


i * 

. Fur the purpose uf determining its sensitivity 
t. tilt one of the rear screws is titled with a 
lever and a divided scale; one division is 
• 'ipiivalent to a til* of U» seconds of are, 

I'lie top of the column is lifted with a 
winding gear for adjusting the height of the 
! boom. 

The inner eml of the boom is provided with 
\ an agate cup which rests against a liorizonlul 
pointed screw at the lower end of the column. 
At a point about 5 inches along the boom 
the mass M, of balanced dumb-bell type, is 
pivoted. Ils weight has varied from one to 

two or three pounds. • • • 

dust beyond the mass, at the centre uf 
gravity of the assembled boom, a block is lilted 
to receive the lower eitfl "f the lie wire FP— 
tlie tipper end of w lib h terminates in a 
number of strands of nnspim silk wound 
jt pi hi the winder and constitutes the upper 
j support. 
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Tho outer end of the boom carries* a strip 
of aluminium foil *in which is cut a slit in 
line with the boom. This slit floats just 
above a second slit in the top of the recording- 
box cut at right angles to the tipper slit. 

The light of a small parallin lamp is thrown' 
downwards, by an angled mirror, on to the 
top of the recording box, and penetrates at 
the po»;nt? of tho crossed slits, and is there 
recorded at 240 mm. per hour upon the travel¬ 
ling photographic film within. Due to the 
drum S on which the lilm is wrapped possessing 
* a lateral as well as a circular motion, the trace 
is in the form of a spiral this method proved 
to he six times more economic;*'. than the 
earlier Arrangement, whefe a 2-ineh ribbon 
jJ3 feet long was employed. 

The interruption of ’’the fight once per 
'hour either by a revolving watch-hand or 
electric shutter marked the time upon the 
trace. 

§ ((>}-• Tun O.uoiu and Wikciikut Ski£mo* 
okumis. Of the seismographs using mechani¬ 
cal regiitration the Union, the Weichert, and 
Mainka are the most.'in use. 

As previously remarked, the lack of*.uni¬ 
formity in the friction of the writing pointers 
renders them quite unreliable where /.lose 
comparison of records is proposed. 

In a test made on an Omori type mass 
.400 lbs., magnification 00, period 12 seconds— 
an increase of the pressure between tho pointer 
and the smoked surface of one-third of a 



K feet in height according to design. Tho 
boh consists of a flat cylinder of load which is 
suspended by a wire from each side to a 
stirrup the top of the column, where the 
adjustments are made both for position and 
period, usually 20 to 30 seconds. In some 
instances an inverted pendulum is poised 
vertically below the bob and coupled to it. 
This has the effect of increasing the astatic 
nature <;f the mechanism but adds to the 
m chani' al friction. 

An inverted U-shaped bracket arched over 
the bob serves, the .double purpose of carrying 
limiting stops for the excursions of the mass 
anu provides i support for the fulcrum of a 
light aluminium multiplying lever with ratio 
usually about 10 : 1. 

The .-short end of the lever is a horizontal 
fork which engages with a vertical steel roller 
carried by jjie bob. The outer end of the 
lever carries a recording pointer comprised <>f 
a line strand of glass fixed to a horizontal 
steel spindle pivoted in a jewelled fork, thus 
enabling the point of the glass fibre to rise and 
fall with the inequalities of the recording 
surface. An electric time-marker records 
minutes upon the trace. The record is made 
upon paper smoked by a paraffin flare. 'The 
drum of 3(i inches circumference revolves once 
per hour and has a lateral traverse of one- 
sixth of ail inch per revolution. 

(ii.) Tin’. \Yeirlii'rl Si isin<njr<ii>l(. The basis of 
the Weichert seismograph (Fi<j.$) is a delicately 
poised inverted pendulum which records on 
stacked paper. It is made with masses varying 
from 200 lbs. to 17 tons. A heavy cast -iron 
tripod and recording table standing about 
3 feet high carries the mechanism. The flexible! 
end of the pendulum is attached to the base 
of the casting by a cardan spring connection. 
The. pendulum has its centre of percussion 
one metre above the spring, and is at this point 
connected to two thrust arms set at right 
angles to each other for the purpose of record¬ 
ing the motion of the bob both ill the N.-S. 
and F..-W. directions. 

These arms are 23 cm. long and extend 
from the centre of the bob to a pair of double- 
ended aluminium levers whose leverage is 
10:1. One/;nd of those levYrs operate the 
damping devices while the oilier ends, through 
compression struts, pass on the motion to the 
rceordjjig levers. Depending upon the posi¬ 
tion on the^ recording .lever where the strut 
is placed, so the dotal magnification can lie 
made of several values between 40 and 1(H) 
times the ground movement. 

The damping devio.* is in the form of a 
cylinder with a piston suspended in such a 


J iu. 7. position that it is just free of the sides. The 

! opposite ends of the cylinder are Jbrtneeted 
pendulum is supported upon a stout tapered i *1>y an adjustable valve vyhieh permits the 
tubular iron column from 3 feet 4 inches to | air to pulsate more or less freely. 3 he first 
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lover operates tin* piston t hrough a connecting 
rod. The. cylinder cag be opened out until 
the damping is eliminated; or it may be 
closed until the system becomes aperiodic. 

The writing lever is 15 cm. long uml has an 



l-'ia. 8. 


adjustable emntor-weighl for regulating the 
pressure upon the smoked paper. 

The recording sheet is pasted in the form 
of a ring which is hung upon the drum—a roller 
lies in the loop below to keep the paper taut. 
The registering speed is normally It) mm. 
per minute but may be raised to 50 mm. if 
desired. 

ij (7) I’u k Mn.sr-KiiAW InsI'kumknt. —This 
(h'iij. t» is a new type of seismograph which 
was evolved from and now supersedes the 
well-known Miftie apparatus. Jtn design was 
commenced just prior to the death of the late 
.John Milne, and combines bot h mechanical and 
optical magnification, together with magnetic 
damping; the inslnpntl^al friction is also 
reduced to a minimum. , 

The main objects in its design are high 
magnification, ease in standardisation, low 
running cost, and sini|«licity in operation. 

The 'general principle of the instrument is 
such as to multiply the movements of a short 
alumifmtm boom ((Tarrying l In. as a steady 
mass) by retleelin# a beam of light from a unf- 
pivoted focal ‘mirror coupled to the outer end 


! of the boom by means of an iridium pivdfed 
coupler weighing of a* gram. The light 
passes through a vertical slit to a specially 
l thin minor of half-metre focad length, and 
, thence to a horizontal plano-cylinflrieal lens 
"in the recowling box. The ray is here brought 
to a focal point upon a line, horizontal slit 
(| extending the length of the cylindrical lens. 
The purl carrying the lens _ * • 

and slit hangs as a pen¬ 
dulum in j, axing contact 
ui’h the photographic 
; film. liv (his means 
I Wifves of one or two 
j seconds’ j)«iiod are r|js- j| 

; tinctlv recorded ujtm the |l 

lilm with a paper speed If 
of only 8 mm. }Ter minute. || jj 
The mass is pivoted* to ||| 
the boom by two pivots. Bl" ijT 
which frees the booi from || O' 
the* torsional inertia of n I 




li 


! the mass. An electrolytic copper vane 
and Uingslen steel magnets are used for 
damping. 

Staii.laniisatiqn is spefialiy provided for. 
By means of a flexible cable to the calibrating 
screw, a solenoid to give artificial oscillation 
ty the Ikoiii. projecting lantern, mirror, and 
smiles, the period, dumping coefficient, nnd tilt 
sensitivity may each be determined by a. single 
#tbscrvei from his fixed position at the record¬ 
ing box. The instrument is arranged for four 
standards of sensitivity, viz. either lot) or 
250 magnifications of the ground movement 
in conjunction with either 10 sec. or 12 sec. 
period and a damping ratio of 20 : 1. These 
: are the constants adopted for this apparatus. 
By adopting appropriate units in the calibrat¬ 
ing scales the magnification for rapid ground 
j movement is given by the simple formula 
| it x S29/T, where a is tlu* amjAitu^e in milli- 
j metres on the record and T the undamped 
j period of the pendulum. (Iraphs suitable for 
| each of the adopted sensitivities are provided 
: for reading off the true magnifications, which 
i vary according to the period of the ground 
.movement. ,v. c. w. 

I J. j. s. 
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SKf'.F-RKC'ORDlSO InSTKTTxYI FONTS : 

General characteristics of. Sec “ Meteoro¬ 
logical Instruments,” § (3). 

Photographic. See ibid. §§ (l{), (9) (i.). 

See also “ Thermograph," “ Rain-gauge,” 
“ Aneir\obiagraph,” etc. •- 
Sellers or United States Standard 
Thread. Sec " Gauges,” § (48). 

SiiadoU' Bands. See “ Meteorological Optics,” 

Shaft and Hole: table of lits for a series? of 
shafts in normal hole. Set. ” Met mingy,” 

VIII. § (31) (ii.). 

Shaft and Hole Ba^es of Toe Frances on 
Cylindrical Work. <Sec “ Metrology,” 
w VIII. § (30) (i.). 

Shimmeuino. See “ Meteorological Optics,” 

' f(!>)- 

Sidereal Day, as Standard of Time. See 
“Clocks and Time-keeping," $ (1). , 

Sikes* H ydkometek : a metal hydrometer for 
use in conjunction Avith Sikes' tallies for 
determining the*. $D'<‘-ngth of spirits. See 
“ Alcoholometry," $ (<>)• 

Sikes' Light Hydrometer: a metal hydro. 
^ meter for use with strong spirits. ^ See 
“ Aleriholomctry,'’ § ((>). 

Silica, Fused : a material Avith low eoellicient 
of expansion. Sec “ Metrology,” $ ([). 
Silica Metre Standard : <!escription, 
stability of. Sec "Line Standards.” v? (0; 
(ii.). * 

Sky : 

Apparent form of. See “ Meteorological 
Optics," § (2). 

Colours of, caused by diffraction. See ibid. 

§§ (12) and (13;. , r 

Relative brightness of. See ibid. § (12) 
(footnote). 

Slide Rules. See “ Draughting Devices*,” 
p. 275. •* 


Mean value of, for different latitudes.* See 
ibid. § (4) (ii.). r 

Reflection of, by the atmosphere. See ibid. 

r §§ (»* (i-), <««! (4) (i->. 

Transmission and absorption of, by the 
atmosphere. Sec ibid. §§ (I) (*•). (3) (iO. 
U) (i). 

Wave length of maximum energy of. See 

t ibid. $ (1). , 

! See al^o “ Solar Constant.” 

; Solar 'I'ime. See “Clocks and Time-keep- 
i ing,” $ (1). 

[ Solid, Density ok a, determined by the 
*■ hydrostatic method. See “ Balances,” 
§‘( 1 «>- - 

Determined by the hydrostatic method : a 
so (id heavier than water and unacted on 
by water. See ibid. § (10) (i.). 
Determined by the hydrostatic method : 
a solid which floats in the liquid chosen 
for the hydrostatic weighing. See ibid. 

§ (lb) (iii-)- 

Detennined hv Nicholson’s hydrometer. 
See ibid. § (1<») (iv.). 

Determined by the speciJio gravity bottle. 
See ibid. § (Hi) (v.). 

Determined bv the volumenometer. See 
ibid. (Hi) (vi.). 

Solution-factors, use of, to determine the 
proportion of sugar in a solution from the 
specilie gravity. See “ Saccliarometrv,” 
§ (13). 

Sue'tkio Gravity Bottle. An instrument 
for determining the density of a liquid. See. 
“ l J ykilometer ” ; ” Balances," $ (15) (i.). 

Specific Gravity Hydrometer. See “Hy¬ 
drometers," §§ (2), (7). 

Specific Heat of Dry Air, Ice, Water, 
W ater-vapour. See “ Atmosphere, Ther¬ 
modynamics of the,” ^(2). Pur determination 
of, see “Specific Heat,” Vol. 1. 


Snow : equations for formation of, in adiabatic 
conditions. Se< “* Atmosphere, Thermo¬ 
dynamics of the,” § (21). 

Snow Crystals, Forms of. See “ Meteoro¬ 
logical Optics,” § (IS). 

Snowfall, M easurkment of. See “ Meteoro¬ 
logical Instruments,” $ (•'/>). 

Solar Constant: 

Definition of. See “ Radiation,” § (1^, Also 
“ Radiant Jleat and its Spectrum Ditftri- 
buiiorf}” §^(5). r 

Determination of. See “ Radial ion,” § (I) (i.). 
Value of. See ibid. § (lj^'and §§ (1) (i.) and 
(ii.), (4) (i ). 

Variations of. See ibid. § (1). 

■ Solar Radiation. See “ Radiation, Solar.” 
Amount reaching the earth. See “ Radian 
tion,” § (3) (ii.). 


Spirit Balances. Karly forms of specilie 
gravity balances, chiefly used in determining 
the strength nf t spirits, were termed “ spirit 
balances.” See “ Alcohol'metry,” § (2). 

i Spirit Dittoes. For “particulars of the 
methods adopted in determining the strength 
of spirits for the purpose of assessing duties 
in Austria, Belgium, France, Germany, 
Great Britain, dtolknd, Italy, Norway, 
Russia, Spain, Swollen, Switzerland, and the 
United States of America, see “ Alcoholo¬ 
metry,” § (9). 

Splits : determination of volume of spirits 
from their weight by means of Sikes’ hydro¬ 
meter. See* “ Aleoholor.ietry,” § (&).’- 

Splines and Weights. See “ Draughting 
Devices,” p. 279. 
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Sot* “ Gauges," 


See 


Square Standard Thread. 

$ (40). t 

Squares fur use in Metrology 
** Gauges,” § (1)7). • 

Standard and Reference Gauges: defini¬ 
tion. See “ Metrology, § (10). • 

Standards, Board of Trade. See “ Metro- __ 
logy,” § (13). • 

Standards ok Lesotii, an.anitua* used ill 
comparisons of. See “ Metrology, § yl) 

British : definition of imperial standard yard. 

See ibid. § (7) (i.). • 

Fundamental. Set; ibid. § (2). 

Importance of thermal expansibility of 
material. See ibid. § (4). 

(Industrial), temperature of adjustment. 
See ibid. \ . $ (H>). 

Metric : definition of inlematioital prototype 
metre. See ibid. § (7) (ii.). 

Primary, choice of material for. See ibid. 

§ (4)‘ , i .. ,, ■ , 

Ultimate relative merits of line bars and 
“ end ” bars. See ibid. § (4). 

Working. See ibid. § (2) (i.) (d). 

Standards of Mass : 

British, fundamental standard the pound 
avoirdupois. See “ Metrology, § (S) (i.). 
Construction <>f. See ibid . § (4). 

Met lie primary standard the international 
prototype kilogramme. See ibid. §(S)(ii.). 

Standards of Length. M easukement : ^ 

Material of. See “ Metrology," § (4). 

J‘rimarv. See ibid. § (2) (i.) (n). 

Systems of, historical and general. 
ibid. HI*§ (<>)• 

Standards of Time. See “ Metrology, 

(ii.). 

Stars: 

Cause of scintillation or twinkling of. 

“Meteorological Optics, §(ll). 
Displacement due to refraction. See ibid 

§ (4). 


See 


’ § (2) 


Sec 


See “ Weighing Machines, ’ § (4). 
See ibid. § (7). 


Effect of radiation cii. f&c “ Radiatic^i, ’ 

§ (*) (iv.). 

Explanation of. See “ Atmosphere, J her- 
modvfiamics of the," $§ (^10)-(12). See 
also' “Atmosphere. Physics 4 >f," § (<») 

(iii.). , 

Height of. See “ Atmosphere,‘Physics of," 

§ ( r >>- .... 4 

Reversal of temperature gradient in. nee 

ibid. §§ ( 10 ) and ( 11 ). 

Stability of. See " Atmosphere, 'fhermo- • 

• (iynaini' s of the," § (7). 

Vacation of* height and temperature of. 0 

• See ‘ lladiat ion." § (3) (i«). 

Variation of wind in. See " Atmosphere, 


’ 5+nf 


See 


‘ Saceliar^- 

• • 

of. See 
and 


Sthf.lv \ rd 
Printing. 

Steered Reckoner* See artic.fr “ Calculating 
Machines," § (4) (ii.). • 

Stevenson Thermometer Screen. See 
“Meteorological Jnstifijpcnts,” § (5) (v.). 

Stratosrii ere : the uppef region of the atmo¬ 
sphere. in which there is no convection and 
where the temperature is sensibly eon ;tant 
with height. 

Definition of. See “ Atmosphere, rhertno- 
«ly»amies of tike.” § ( ,r> )- # 

Distribution of temperature in. See tfritf. 

§§ (4). (*U * 


Physics of," 

Sugar Soi.ctkk s : 

Contraction fn volume of. 

metry," § (3). • 

Determination of sugar content 
ibid. § (7). 

Isolation between specific gravity 
sucrose content of. See ibid. § (•>). 

Specific gravity of, correlated with per¬ 
centage of sugar in station and tabulated. 
•See ibid. § ((>). 9 

Sugar Tables, showing percentage of sugar 
by weight correlated with degrees Baumt 
and with specific grav : ty. See “ Saecharu- 
inetry," § ( 12 ). 

Sun -1’iLLARS : columns of light stretching 
u]) about 15° or 20° from the sun. Sec 
“Meteorological Optics," § (22) (v.). 
Parhelie. See ibid. $ (20) (vii.). 

Sunrise. Elicet of refraction on time of. 

See “ Meteorological Optics,” § (5). 

Sunshine, measurement of duration of. 
See*" Meteorological hfcinuinenlfl," V. 

Sunshine Recorders : • 

Campbell Stokes : 

• Adjustment of. See “ Meteorological In- 

* struments," § (24) (ii.). 

Cards for. fye ibid. § (24) (iv.). 

• Description of. flee ibid. § (24). Also 
“ Radiant Heat and its Spectrum 
Distribution,” §§ (l)-(3). 

Errors of. Sec “ Meteorological Instill¬ 
ments,” § (24) (iii.). 

Tabulation of records. Sec ibid. § (24) 

< v -). .* 

Jordan. See ibid. § (25). 

SuN-ff.'OT Period, variation of solar radiation 
IHth. See “ Radiatioiy” § (J). # • 

Surface Plates. See ” Gauges," § (05). 
Surface Tension? Influence of surface tension 
on hydrometer readings. See “Hydro¬ 
meters," §§ (10), (11), (14). 

Surveying: errors caused by refraction. See 
' “ Meteorological Optics,” § (7). 
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eSURVEYINf: TaVeS AND WIRES I 

§ (I). —Wires and tapes are used as long 
standards of length for surveying* purposes, 
and although 'these appear to he fragile for ! 
standards, they arc reasonably reliable if,; 
properly handled. It is advisable, however, | 
to hate such standards compared at short 
intervals with more rigid standards, such as «’ 
4 in., of lfl-toot line bars, by some such means 
# as those described below. Tapes of suitable 
material will maintain their lengto for some 
years, if carefully kept. Tor* example/some 
steel tapes havp been under observation ,at 
the National Physical Laboratory for about 
eiglit- years without ?.ny c change? in length 
greater than one part in a million being 
noticeable. These tapes, are u^ed on the Hat, 
JthaJ- is, they are supported throughout their 
complete length. * 

The seetion of tapes and wires is usually j 
small; for example, the steel tapes mentioned 
above *lmve a section of ]" >, ()"-l)15, and it : 
is important that the tapes should be standard- i 
ised amfused undeiyertain speeilied conditions. ; 
As the elastic elongation of such tapes amounts ! 
to nearly one part ill ono hundred thousand 
for an alteration of 1 lb. weight in the tension 
To which they are submitted, the standard , 
tension must be maintained to within 0-01 lb., 
so that the length should not vary for this 
causp by more than one part in ten millions, j 
Tapes are used on the Hat for the rougher 
operations of surveying in which accuracy 
greater than a few parts in 100,1 H>0 is not ; 
required. The tension is usually controlled j 
by the use of spring dynamometers. Tor j 
measurements made along thp ground vm this J 
way tapes are usually subdivided and eali- ; 
brated so that odd lengths may be del cy mined 
by their use. With tapes used along the 
ground, the irregularities in the surface of the ! 
ground prevent the attainment of the high 
precision now required for the best operating* 
of surveying, consequently more accurate 
measurements are m.yle with tapes or wires, 
supported above the ground. 1 Tscd in this > 
way the tape or wire is banging in a natural j 
catenary, the tension being applied by dead | 
weights connected by means of suitable cord j 
or wire which passes over ball-bearing pulleys, j 
The standardisation is <1* no under similar j 
conditions but with the tape hanging in a ! 
horizontal catenary, and in this case the curve ^ 
is symmetrical about the lowest point? Jhe j 
' tension is y>ryrimportant, and it is advisable 
to have the tape standardised with the weights 
and straining cords that vrll he used in the. 
field. If this is not ddiie, care must be taken 
to find the actual tension applied by the 
weights, straining cords, and connecting links 


or swivels, and if this differs from the tension 
under which the tape has been standardised, 
a correction must he applied to the certified 
length, u,^ng equation (7) given below in § (3). 

§ (2) T?iE Catenary. The theory of tapes 
and* wires in catenary is discussed fully in a 
• i 



later volume, 2 but for convenience some of 
the equations given therein are repeated here. 
In Fuj, I 


T„ r l 
w 

T 


20 


- c. cosh ' 


• (I) 

• <-') 
. (3) 


in which w weight of unit length of tin* tape 
or wire. 

On changing the axis of r to the lowest 
point of the curve, (2) becomes 


« // t H C-f cosh \ 

or, putting this in the exponential form, 

and on developing, , 


1 iT‘ 
4! T 3 


1 ,c r * 

1 (»! T’ 


( 4 ) 


In practice to/T is very small, ami the values 
' »f the terms of (4) decrease rapidly. In a 
horizontal catenary y, gives the sag of the 
wire, .r being half the length of the chord of 
idle curve. If the tension is increased the 
curve becomes more nearly that of a parabola, 
that is, the second and .subsequent terms of 
(4) can be neglected. Tor example, in an 
invar wire of 1 T>5 mm. diameter, with a 
density of 81, tlu* weight, per metre length is 
O OI732 kg., ^nd if JT* U> kg., the second term 
of (•!) has a value of,000f> mm. for a 24 m. wire. 

The difference ,\ between the length of the 
eurve and the chord is given in § (42), article 
“ Surveying and Surveying Instruments,” as 



1 See article “Surveying :in<l Surveying liistru-. 
incuts,** 5 (41) (iii.), Vol. IV. 


2 See article “Surveying an«L Surveying Instru¬ 
ments,” § (42), Vol. IV. 
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Tn most cases all but the first term are j accepted length untied a te ision <>f l()*kg. 
negligible and the equation becomes I weight closely follow the observed values, and 

| this over the very large range from 5 kg. to 
I H'-Z 3 • /;-v lf> kg. forking up the same *set of obscrva- 

24 T * * tioi.s by least s<juares the excess of the lengths 

' I*over 24 m.»is given by the following: 
in which l, the non*inal length of the tape eg ' 


X - 


wire, is substituted for 2x, an approximation 1 
which will not cause any error, since the actual 4 
length is generally well with!* 1 part in 10,000 j 
of the nominal. * 

§ (3) CORK MOTIONS FOR T1TM F.I.ASTH 1TY j 
the W i r ics.—Benoit and CuiMaume 1 give the i 
modulus of elasticity of hat’d drawn invar wire 
(1-1)5 mm. in diameter) as 10,000 kg. pery-iq. 
mm. For rolled invar tape, f/8" x 1/50' in 
section, the modulus is about 15,fH)0 kg. per 
sq. mm. (21 -4 x 10® lbs. per sq. in.). 

The elongation is proportional To the 
tension and follows the law IT j Kit where R 
is the modulus of elasticity arftl <r is the 
section. 

If tiic wire or tapes are used in catenary, 
there, is also a change in the catenary curve 
with alteration in the tension, the sag decreas¬ 
ing when the tension is increased, resulting 
in an increase in the length of the chord. 
The sag is inversely proportional to the tension, 
anil tin 1 ^Iteration in the length follows tlie 
conation (5) 

1 »- 2 ( 3 
A 24 T 2 ’ 

This is inversely jiropon ionai lo (lie square of 
the (elision. Hence the apparent etijiis'alinn 
of a tape or wire in catenary under varyii% 
tension is very closely 




7-225 4 O WV.WT 


97-05' 

T- 


and the values and residuals calculated from # 
'Jits are gi%c: in the last two columns. The 
small* ss of tlvp residuals of the last column 
indicatet tiiat the observations arc consistent * 
to something better than one part in two 
millions, nifl that tho*eonstants (which jure 
deduced from various tapes of (his t\^se) used 
in calculating .the vdties of column -1 ajj' 
not guile the best for this particular fc'l ,l “. 
.No. Hi. ' 

As a test in the straining apparatus in use 
at the Laboratory die following observations 
were made on the length of No. 10* under 
tensions differing by about 0-01 kg. 



i.V-h-Oi- j 

. f 

: fill.‘til:(fell 

oI.m i veil — 

1 TtHiaftii. j 

j 1 


i Uii^rvint't. 

; " • 

Cl*. 6 T I 
mill. j 

Cllll ll liiicd. 

... i 

| kf 

Hill) 

| ,,,nl - 



! 10 

1-730 




j 10-01 

1-740 

j 0-010 ; 

0-012 

- 0002 

i 10-02 

1 755 

1 0-025 

0 0-24 

1 0-001 

1004 * 

1 773 

0043 

0 041 

-1 0 A )2 

I 10-05 

j 1 - 7 S 7 

! 0057 

0-050 

o 002 


IT l tcT' 

]<> 24 T 3 


(b) 


Taking a 24 m. tape of 1/8" 1/50" in 

section as an example, the constants l, Lir 
ami ie-Z :, /24 are 0-993 and 1)5-0 respectively 
expressed in mm., the weight per metre being 
0-0120 kg. Some observations made at the 
National Physical Laboratory on such a tape 
(No. 10) gave the following resiTIts : 


8 
10 
12 
13-f 

15 




I llisl-l \ I'll 

lly 1 .itihI. 

SillUl.-H. 

•'(lllstlllll.S. 


e:»li'»il:ilcl. 

" '' 

-014 

• Oil 

- 0-03 

-0 14 

<i00 

3-00 

. 3#K1 

- 0 (H) 

* - 300 

ooq 

0 70 

0-70 

<too 

0-70 

yoo 

1 -73 

( I 1'A 


1-74 

- 0-01 

4 02 

4-01 

j 0-01 

4 02 

0 O0 

5 07 

r> 03 

H 0-04 

5(10 

4 0-01 

T-'t 

*rj .>•> 

| 002 

7 -25 

001 



_•_ 



The»rcfciduals givwn in eolumh 4 show that 
the theoretical lengths calculated from tin# 
• ha Mesure rapide ties bases y^odt’siques. 


For small changes in tension we may differen¬ 
tiate equation (0) thus : 

• A/. / 1 . (7) 

bT E<r 12^ T 3 • v 

Taking* //TV and ir 2 / 3 ; 24 us^O-993 and 05-9 
as before! and T being lOlvg. 

. M 1185 5T, 

• 

and from this the calculated values given in 
♦he fourth column are dadm^’d. The observa¬ 
tions were made under microscopes, and the 
residuals indicate that the results 
are accurate to something better 
than one part in ten millions, 
and that the straining apparatus 
used (sA‘ § (11)) is satisfactory. 

The first term of equation (7) 
shows that the greater the section 
the smaller will he the elastic 
elongation acctnnpdhyiftg an in¬ 
crease in tension, and it follows 
that if the uncertainty of the ten¬ 
sion is 0-02 lfg. it will he necessary 
to have the section at least 
0-02 x 10' 1 /10000, i.c. 125 sq. mm. in order 
that the uncertainty of the elongation may 
fie within one part in a million. 
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Ofi the other hand, Aie section must # not he 
too great, for the greater the section the greater 
the sag, and the greater will he the alterations 
in length (neglecting for the moment ihe clastic 
elongation f hoi ween the terminal graduations 
of the tape \Jue to variations in the tension. 
Considering the second term of (7), 

* # A/ 1 wH 3 

* ‘ yr i2 t 3 ’ 

* is true, if wc assume for the time beijig that the 
tape is inextensible. 

► From this, ? 

X 1 (U'ly 5T * 

/ 12UV T* ; 

* • r 

If we keep A/// within one part in two millions 

and oT -0 02, whilst T , : s of jhe order of 10 

Jkg.fthis equation gives Tfwl -20 about, or T 
should be about 20 tim?s the total weight (wl) 
of the tape. According t.» this rule, of the five 
examples given in the table below, the 4^ m. 
wire and the 50 m. tape should be submitted 
to a stronger tension than 10 kg. weight. 
Twenty^ times the # tetal weight of the 48 m. 
wire and of the 50 m. tape give 17 and 1.4 kg. 
weight respectively. The corrections of* this 
table are, however, given for these examples 
Since such tapes and wires are already in 
common use in the field. 

The following table shows the numerical 
values of the effect of an increase of 0*01 kg. 
or 0 025 lb. in the tension in five examples of 
tapes and wires: 


the tape itself in the same way as it will 
affect the force suppled by the straining 


The correction can be deduced from (7) 
above, and will be as follows : 

^il(V‘) T ’- • • (8) 


i 

! 


where g» and g l are the values of gravity at 
the basej and at the standardising station 
respect hfly. 

If, on the other hand, the tension is applied 
bv means of spring dynamometers the effect 
of variations in gravity will affect the catenary 
cunro, and not; the clastic elongation. In this 
case, however, the greater the value of g the 
greater the sag, and hence the correction is 
opposite in sign from that considered above 
when tfic tension is applied by weights. 

The effect in the length will be (see equation 
(")) 


A l 


I ir-Pfg , 
12 T 3 V 




<n> 


I For example, a 24 m. tape, section l" x :i \", 
j tension 10 kg., standardised in London, will 
i be shorter in Johannesburg, the tension being 
! a]>plied by the same masses at the two places. 

liere g { 1)81 10 and g .,~• 078-40, and the 
I correction to the standardised value, as given 
by (8), is -0-027 mm. 

! On the other hand, if the same tape is used 
with spring dynamometers the correction as 
given by (9) is +0-005 mm. 


Tahi.ecI 


Increase ix Length accomi’Anyino Increase in Tension 


r _ : 

f 

■ Tension. 

i 

I 

Section. 


Variation for (col kg. 

• - - 

: 



Blast ie. 

j Curve. I 

'lofal. 

24 m. Wire 

10 kg. 

2-138 sq. nun. , 

mm. 

0-0070 

mm. 

: * 00034 ' 

mill. 

00101 

4S m. Wire 

10 ,, 

2-138 .“.(j. min. , 

0-0140 

0-0270 

00110 

21 m. Tape 

1" 

18" 1/50" ! , 

0-0001) 

0-0019 

o 01 IS 

50 in. Tape 

i . * 

1/8" 1/50" # 

0 0207 

! 00171 

00.378 

100 ft. Tape 

20 lbs. 

1/8" • 1/50" 

ft. 

0 IMH>017 

Vttrudhn fu r 0-025 lb. 
* ft. i 

0-OOOOI9 | 

ft. 

0-000000 

The values 

for the 21 m 

ami 48 m. wires are 

taken from 

Ln r Mexnrc ru/nde dm 

bn sc 8 ijilodh iq ucs 

Benoit et Ouiliaiime. « 


t 


§ (4) The Effect of Variations in g. — If ( 
a tape or wire is to l>e used in a country in 
, which the value of g is different from #thafc 
obtaining*in the place at which it has been 
standardised, a correction has to be applied 
assuming that the wjjmc 'masses are used in 
each ease for the purposes of straining the 
tape. The variations in g will, in this ease, 
only affect the elastic elongation, and will 
not cause any variation in the catenary curve, 
since the change in g will affect the weight of 


I § (~>\ Effect of Temferatiire.— Owing to 
the difficulty of /fetermining thq, tempera- 
tuio of tapes or, wires in the field, steel 
tapes, which have a coefficient of thermal 
expansion of 0-000011 per 1° (’., cannot be 
used to the high prevision required in base 
rmasurements. Consequently invar tapes or 
wires are no^j almost universally used. The 
coefficient of thermal "expansion *bf invar 
'tapes of the best grail/? is about one- 
fifteenth of that of steel, whilst that of invar 





SURVEYING TAPJE8 AND WIRES 


747 


vires is often so small that it is practically 
icgligible. » 

For a tape with a coefficient of 0-7 •*' 10 •’ 
tor 1° (■. an error of 1-4° (.1. in the estimation 
of the atmospheric temperature to which /ho 
tape is submitted wijl result in an error of one^ 
part in a million in the length. In the 
laboratory, the temperature can be determine 1 
to 0-2° C. with fair ecrtitude. % and in the field 
an error of 14° should be unusull under 
reasonable conditions. • % 

§ (f>) Skoulak Change in Length.—I nvar 
tapes or wires are liable t<* secular change of 
the same order as that already discussed for 
invar bars, and this can be rcdm«.*d by suitable 
heat treatment as mentioned above* 1 

Some tapes belonging to the National 
Physical Laboratory were artificially ;\ged in 
1908. They are, however, still increasing in 
length at a rate of about <M> purlin a million 
per annum. 2 

§ (7) E l-T HUT OK COILING 1-NVAU TALKS A NO 
WTkks.—• It is important- that the diameter 
of the drums should be large enough to prevent 
any permanent alterat ion in the lengths as the 
tapes or wires are repeatedly coiled and un¬ 
coiled. Hermit and Guillaume 3 recommend 
the use of drums having a diameter of •>() cm., 
and show that after the first few times they 
are coiled the lengths of wires are not further 
affected by continual coiling on drums of 
this size. 'These drums are of metal, and are 
of special design so that the " reglettos ” 
which bear the graduations can be satis¬ 
factorily housed without fear of damagft 
The standard tapes of the National Physical 
Laboratory are coiled on drums made of three- 
ply wood and turned to a diameter of at least 
50 cm. (see f)< 7 . 2). The tapes are finished 



with rivotod tnj.be tape as shewn, and 

the eyelet. at one end slips m et the pin l\ #ne 
aide <>f the drum being eut away to facditatc 
this, fl'lte width of»thc drum ft only slightly 

■ Sc- arfifli' “ I,in, Simulants of l.eiwlh.'d (ft 

1 See article v Invar and Ivlmvar, ' oL V. 

5 l.ti Mesvre rapvh ' drs bases gAwWnyue,. 


\ greater than the width of the. tape so that. ftio 
tape foils on itself. The iTgur. shows a light 
type of drum suitable for use in the held 
requiring no coiling app;u.itus.» The disc 1) 
i runs freely on a pivot; the operator inserts 
| *mic hand udder the strap S and grips tin- disc, 
whilst the coiling is done with the aid M the 
'^handle fl. The foiling of a tape on tli‘V:e 
repeated over forty times has not eifusPl any 
observable variation in the length of the tape. » 
ipSyrtTS * I' KllISATlON. Til K fit) M. it AS K AT 

Tint N,|. lOKAi. Physical Laboratory.—T his 
is a mural oeneh connected to (lie wall at the * 
bach of t he main rooms in the rfletrulogy build¬ 
ing, and was built ill 10*8. Spec ial apparatus 
installed by the < 'A,bridge Scientific*Inslrn- 
ment Company in 1000 enables ttie bench 
tie used as a large eonijiarator. r l I’ ta neh is 
t ft. Sin. above floor Vvcl of the corridor in* 
which it is situated. It was placed at this 
height because it may, at some future time. 

In' mereased to 100 metres in length wlifll this 
height may tie required to accommodate wires 
in catenary with a largv^ sag. Tied bench 
is built of brick covered with polished slate 
111 ii* in width. At,intervals of every 4 in., 
amt at various important points, such as 50 ft., 

(Hi ft, 2f, m., 100 ft , etc., blocks of Portland 
stone have been built into the brickwork, and 
these bear bench marks oil nickel-steel blocks 
let inly the stone. The upper surfaces of the 
nickel-steel blocks have been carefully levelled 
and are all in one liorizolital plane to within 
0 -(i mm. Each of these surfaces lies been 
graduated with a scries of lines, a millimetre 
apart, set at rigid angles to the length of the 
bi'iich. t and one of these lines, specially marked 
with a centre dot, is the debiting line ot that 
particular length of tile hanel^nyusured from 
the zero mark. *The edges of the invar blocks 
have been also carefully ’digued so that they 
are in one vertical piano to within 0'S mm. 

! The 4 m. lcngfjfet are detfijnined by comparison 
n’t ha 4 111. standard liar by means of apparatus 

* described below, ai*l as (Jiese.. lengths 

are dually added togetlier'to give the long 
lengths of the bench, it. is important, that the 
levelling and alignment should bo done to a 
\ sutlieient accuracy to prevent, any error 
accruing from ttiis cause. Ttie bcneli marks 
arc, however, ver^ satisfactory, for it cacti 
block were (Mi mm. out of line in both planes, 
the resulting error in length would not exceed 
one pif.t in ten millions ill ttie worst conceiv¬ 
able case. , , • 

S) (<J) Measurino ArgABATFS. — This con¬ 
sists of two microscope carriages, cacti sup- 
plied with two imcroscwpes and a telescope, 
a carriage for ttie 4 in. liar, a railway running 
throughout the length of the bench to which 
the three carriages can tie gripped llt *».▼ <1®- 
j %ired position, and t wo collimators, one tixod 
1 at each end of the bencli. 
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•\ jrcm-riil view of ono end of (lie bench is 
Ki /•'/;/. iiurt hero ‘'Jin lie, soon the rails, 

one of the carriages, and one of the collimators. 
The rails an. ill lit ft. lengths ot steel rod 
I }" in di&meter, and are supported on casfje 
iron sleepers embedded in the 'slate. I he 


with reference to the lower part, whilst the 
vertical screw b ,nives tfie levelling adjustment. 

A collimator ((',) near the front of the bench 
and outsfle the () mark controls the adjust¬ 
ment of the carriage A, whilst collimator t „ 
near the back of the belief and set beyond the 



sleepers are til ft.apart, and each ..ijts the 

rails vertically <iy means of Adjusting screws. 
Kverv seeollij slce|»r i. large enough Jo sup¬ 
port 'the ends of the rods where they are nearly 
hutted together, ea.'n rod being supported by 
means of three serews. one underneath sup¬ 
porting it vertically, and two acting in opposde 
directions controlling the. alignment Imn/.ont- 


Jllm. mark, controls the suiting of carriage IS 
The Collimator at each end gives a " ,im " 
parallel light throughout the length ot the 

bench, and the carnage i* adjusted In means 

„f the micrometer screws until the image o 
cross-wires or the collimator ,s brought 
into coincidence with tlio cioss-wm > ° 

' telescope i'lj). The measurement ot a I m. 


9 

• 

* ? Carriage A 

Rails 
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ally and vertieallv. I he front, rail has to 
he carefully aligned as the carriages g«p this 
rail, whilst they only slide on the hack ♦ail. 
Consequently the latter only needs lining up 
horizontally. Each microscope carriage is 
made in two parts, tjir lower resting on the 
rails. The upper part, to which are connected 

the microscopes and the telescope, is pivoted 

to the lower part at a point r. (Fly. 4), and is 
supplied with micrometer adjustments a and hi 
the horizontal screw a giving a small rotation 


til 

length «if the bench by comparison with n 4 in. 
standard l>a»is illns#rates 1 in the accompanying 
diagrammatical skstrh f b if/. 4). 1 lie carnage 

tor tile 4 m. liar rests between the two micro¬ 
scope carriages, and the I ill. bar is supported on 
rollers in two stirrups Ivliich are placed at the 
Ailty points. The position of the har ami the 
focussing to fjie microscopes M, and M. an 
i eontrol'cd l>v the adjustment screws <1 and c. 

I * The carriages being collimated and thu 4 in 
bar focussed correctly, readings arc mad< 
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with the four micrometer microscopes on the 


agreement in the varies obtained in the 
successive steps gives a valuable cheek on 
the accuracy of the col I ini at ion. It is found 
that this eAn be done to -t 2 ,u in»n 4 in. length, 
hence the probable error In one determination 
ptical and mechanical ! *of a 24 m.»Iength will not excccyl 2 S G = 5 /i 
f the? mieroseopes is such that*} duo to this cause. * 


lines on the bar and l^nch marks. The car¬ 
riages A and li arc then interchanged, yeset 
with reference to their respective estimators, 
the. 4 m. bar refocussed and microscope read mgs 
again made, 
magn ilication 
one division (1-5 mm. in length) on the micro¬ 
meter drum represents 2 g, (0 002 mm.), a.id 
by estimation readings can be made fo 0*2 /<.. 
The two microscopes of a carriage, jre onty 
approximately set up, so that the line joining 
the focal points is square tv the length >>f the 
bench; hence the four nueroaeopt s in the 
(irst stilting may he placed in pl;yi as indicated 
below ( Fij. 5a). , 


Carriage A 


-G>- 


Carriage B 


m 4 

-tfv- 


/' 


I’’m. r»A. 


Tbc. readings of the microscopes m,, w 2 , w 3 , 
and mi, will give the following equation for 
the length li between the two defining lines 
of the 1 m. slcj> of the bench : 

4 m. bar i (/ -t /,) \ {>» A -i-w,) - (i/q +wi 4 ). 


L 


Carriage C 

Ms 


•fO 


Carriage A 

, M, 

■- 0 *- 


• M. 
- 6 --- 


,M 3 

■.q>- 


Aftcr infcrchanging the carriages ( Fi<j. 5u), 
however, the positions of M, and M :| in the 
second setting are parallel to the positions of 


the same microscopes in the first setting it the 
collimating is done accurately, and similailv 
in the case of microscopes M a alnl M ; . Hence 
from the second setting the following is 
obtained ; 

L -4 m. bar (/* /,) + ih 4 >-(w 3 / 4 m./). 

In taking the mean of these two ifjuations, 
the unknown 1 I /, are eliminated, and the 
differences between V gth of the 4 m. 

ste]> in the bench under standardisation and 
(he length of the 4 m. bar can be directiv¬ 
es pressed in terms of the eight microscope 
readings. * 

The carriages are then all moved on to tjic 
next step, and the o|»eralions repeated. 

The # vlilue of /-ff, can lx* determined in 
each step by the ^difference between the two - 
observational equations given above, and the 


§ (10) Tai’k Mkvsuuk.mknt.— Since the 
bench is continually changing its hngih, the 
defct imincd length is compart'd with one or 
mo.r.i stand." p d tapes or wires used in catenary 
sic i tension, ’ a mediately before and alter the 
measU! 'incuts arc made with the f m. bar. . 
Tills is none under microscope^ the field of the 
microscopes-^being largejcnougb to gi\c a good 
view both of flic brtK-h mark and als» of*the 
graduations on Mm tape. The tape is sus¬ 
pended just in ffont ot'thc bench, the standard 
tension being applied-thy dead weigli's, flic* 
straining wires or 'cords running over baH- 
bcaring pulleys, whrh art 1 placed one at t'acb 
eiid<*heynnd the bench. One of these jjulleys 
is set'll in the view of one end of (lie bench 
(/’’/(/. I>). If the full 5U m. length of the base 
is not in use, straining v/fres which arc sup¬ 
ported over hall races at intervals, are 
connected to the tape. The tension is thus 
applied horizontally, ami the laboratory 
standard wires ami tapes arc standardis'd 
and used in lliis way. If, however, the tapes 
or wires are for use in the held where the ten¬ 
sion is* generally applied tangentially to'the 
ealenarv curve, a small correction has to be 


From (I) and (2) 

T T 0 

T„ 


■ic(// - c), 
from (4). 


In a IS m. wire of thejordinary type 1 tin 
mm. in diameler used under lo kg. weight x 
becomes 24 and the value of T I',, is <M MING kg. 
TWe elfi'ct of lliis on the length can be deduced 
from equation (7}, # or more quickly from the, 
A'cond line of Table l^aby/e, from whence 
the correction is OOOSti 0 01 \ 0-041 liHMKH) 
mm. Since the tangential tension is greater 
lban the horizontal tension, (lie length of this 
wire used binder 10 kg. tangential tension will 
he 0-n;pi mm. shorter than it would be when 
standardised under 4 10 kg. horizontal tension. 
For a 24 m. wire the correction will he only 
0002 gun., which is practically a negligible 
aim^int. 

I'he above method of lffiildin*g iff) a length 
oil the bench in 4 m. steps and transferring it 
to standard tapes i# somewhat slow, requiring 
some eight or nine hours' continual observa¬ 
tions to complete. The following method of 
determining the length of a standard tape 
yi a series of 4 rn. catenaries by direct 
comparison with the 4 m. line standard is 
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nufre reliable and is (f.iioker, taking l$ss than I So that these tapes eati be used as standards 
two hours. For tlris purpose four 24 m. invar ; from which others c|ii be compared, ball- 
tapes have been graduated at the Laboratory j bearing rollers have been placed in front of 
every 4 metros, the graduations at’each point ; each beij'h mark, so that the tape is sup- 
consisting* of II lines in 5 mm. length, the ported at each 4 m. length at the level 
lines being spaced 0-5 mm. apart# The tapef of the bench, that is, the tapes are used in 
unde* measurement and strained under a i) le same way as they lAvc l>een compared 


tension of 10 kg. weight, is supported on * 
ball-b(w,rrng rollers at every 4 ni. above the 
level of the bench so that it lies in six 4 m. 

’ catenaries, the rollers all being li^st carefully 
levelled and aligned. One 4 m. step # under 
► observation passes over the * m. bar, and is 
then supported* over two small rollers placed 
on the neutral plane ^f the bar. £ The micro¬ 
scope carriages are placed t.’ith the microscopes 
in the central holders over the points 0 and 
4 m. of the standard iJar, aifll are locked to 
# t h<? rails. The bar is •focussed, and readings 
made on the lines 0 and 4 m., the tape being 
temporarily raised above the bar and moved 
slighUy on one side so that the lines oif the 
bar can be viewed. The tape is replaced, 
and tli# 4 bar is lowered until the graduations 
on the step of tfle* tape under observation 
are focussed. Readings^ are then made on 
each pair of lines nominally 1 m. apart, and 
/ho mean of the deduced values is taken as 
the length of the particular length concerned. 

The temperature of the bar is taken by 
means of two thermometers that lie in the 
channel beside the graduated surface <»f the 
line standard, and the temperature of the tap's 
is assumed to be the same. The probable 
error of this assumption is small, because the 
length of the tape under measurement lies 
within the groove of the H form of the 
standard bar.* The relative coefficient of 
expansion of the standard bar and tape is 
only 0-4 x 10'" "per 1° ('., rrtid that *of the 
tape is 0-7 x 10~ c pfr l c C. Hence if the real 
temperature of the tape differed by 0-1° C\ 
from that of the bar, and also differed 01°*0. 
from the assumed temperature, the error *in 
the accepted length of tire tapo would not • 
exceed I part in * ine*millions. * 

The straining wires are made in 4 m. lengths 
and one of them is detached, the 24 m. tape 
is drawn along until the next 4 in. length of 
the tape is under the microscopes f the 4 m 
length of straining wire is connected up to 
the other end of the tape, the tension is 
applied, and all is ready for the measurement of 
the next step, and the operations are repeated 
until all the sbe steps are measured. # 

In this* ease there is no necessity for the j 
eollimation of the carriages, since both the j 
standard bar and % taj* are viewed under 
the same pair of microscopes. All four tapes 
have been measured in this way at intervals, 
and the results indicate that the determina¬ 
tion of one tape is reliablo to 1 part in two i 
millions. 1 


with the 4 m. bar. 

Tapes or wir^s which will be used in tho 
ordinary way for- surveying purposes are 
djptcnnifed in wniplo catenary suspension 
by comparison with standard tapes of the same 
nominal length. Jn this case the bench is 
used simply as a comparator, the known and 
unknown tapqs being compared either with the 
bench maijks by eye, or by taking readings 
under the microscopes. 

§(H) APPLICATION OF the Tknsion. —The 
tension is applied by dead weights acting on 
straining cords, or wires over two pulleys 
one at each end. The effect of the friction 
of the pulleys and the straining cords has to 
be eliminated when taking observations on a 
tape or wire. This is done by first pulling 
the tape until tho desired lines are under tho 
microscopes and readings made. The actual 
tension on the tape is slightly greater than 
that given by the dead weight by the force 
required to overcome friction. The tape is 
pulled a short distance, and is then pushed 
back until the linos are again under t he micro¬ 
scopes. In this case the tension on the tape 
is loss than that given by the dead weight 
by the force required to overcome friction. 
Vlie mean of the two observations gives tho 
length of the tape as compared with the 
distance between, the microscopes under the 
tension given by the weights. 

This method is used in all tradings made 
on tapes, whether the latter are used in 
catenary suspension, or when supported on 
the flat. 

At times it is more convenient to anchor 
tin 1 tape at one end, using a dead weight over 
a pulley at the other end as a means of apply¬ 
ing the tension required, instead of the 
pulleys at each end. It is necessary, how¬ 
ever, that tho •observations should be made 
under the conditions, described above, im¬ 
posed for tjje elimination fff friction. The 
two methods give identical results within tho 
errors of observation. 

Tho # pulleys must be well balanced, and the 
turned surface riyAt he truly circular and 
should be tested from time to time. 

§ (12) Thermal and Secular Chanoe or 
the 50 m. Bench at the National Physical 
Laboratory. - The Irtigths of the bench are 
continually, if slowly, changing under varia¬ 
tions in temperatures, and poRsibly under 
( change in the humidity of the atmosphere. 
There is also a secular change due to the 
tendency of the wall to flatten* out under the 
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force of gravity. As a result of this the bench 
lengthens. ^ 

The thermal and secular change can be seen 
in the upper part of the diagram {Fig. (I), in 
which the variations of the 100 ft. length from 
mark 50 ft. to mark 150 ft. arc plotted. The 
temperature of the'bench at the time of eaelf 
measurement is also shown in this diagram, 
and the similarity rti the two upper cur.es 
plainly indicates the connection between the 
variations in length and temperature j > 4 
In the lower part of the diagram a full- 
line curve is drawn evenly through plotted 
points. These points represent the upper 
curve after the probable variations in length, 
due to changes in the surface temperature, 


the adjusted observations made at op r.har 
normal temperature, neglecting those obtained 
during any hot spells of weather. This curve 
gives approximately the sccular^growtb of the 
base apart from temperature changes, and 
'the rate of the growth amounts to. 7 parts in a 
million per annum. » 

The over all length of the bench 0 to 50 
T metres has increased by 2-II mm., or l'» parts 
in a million during six years, and this gives 
an average,/ate of growth of between 7 and 8 
parts in a million per annum, which agrees 
reason bly with' that obtained in the length 
fr<fm 50 ft. to 150 ft. marks. ** 

Owing to,.the pressiiKp of war work under¬ 
taken by the Laboratory, no observations 


Feet 



have, been subtracted from the observed 
lengths; the amount subtracted being based 
oil a value for the superficial expansion of 
the bench with surface-tornpftratiire changes, 
deduced from actual observations over some 
four years. The plotted points seldom leave 
the full-line cwve more than 00002 ft. or 
0*0003 ft., i.e. 2 or It parts in*!a million, but 
the curve, is still somewhat- irregiTiar. This 
is mainly due to the summer effects, which 
may he attributed to •general temperature 
changes in the body of the* nmsority as distinct 
from the surface variations, for which allow¬ 
ance has been made in drawing the full-line 
curve. Winter effects are not noticeable 
because the corridor is artificially waring in 
the winter months vto standard temperature, 
from nvkicli largo departures ?iro found only 
in hot summers. v ' 

The dotted, smooth curve is drawn through 


auu’C made on the bench during 15*15 to 
15119, and this accounts for the gap in the 
jJiugram. * - 

§ (13) Tapes Irani) ont the Flat. -As 
already mentioned, tapes supported on the 
flat cannot generally he used in the field to 
the highest accuracy owing to the irregularity 
of the ground, and if these tapes are made in 
steel there is also the difficulty of determining 
their temperatures, with resulting errors in 
the measurements obtained by their use. 
Tli£ thermal coefficient of expansion of steel 
tapes is about 0-00001V per l°-*(\, which 
indicates that the temperature must he known 
to a higher accuracy than 1 C, so that the 
error of measurement Will not exceed 1 part 
in 100,000. [t is, however, difficult to deter¬ 
mine the temperature of the tape in the field 
Jto this accuracy, hence such tapes are not 
usually standardised to an accuracy greater 
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tlufh 1 part in 10(^000. By taking pro- 
cautions as to temperature, however, labora¬ 
tory standard steel tapes are determined to 
an accuracy oLtho order of 1 part iff a million. 
These are* subdivided tapes, and have been 
calibrated, tyid unknown tapes art standard-*i 
ised % comparison with these on the 50 m. | 
be*ieh. ^ 

The •calibration of the subdivisions of a 
standard divided tape is done in practically 
the same way in which a divided lige standard 
is calibrated in a subdividing comparator. 1 i 
The microscope carriages arc placed a distance 
apart which approximately corresponds wifh, 
say, one-tenth of the t^tal length $>f the tape, 
and # thmo ten subdivision.#are compared by 
bringing each successive one-tenth part of the 
t*ipo for observation under the microscopes, j 
'ByVontinuing the process in the same way as I 
that described for a line standard, a subdivided I 


and discharges it at a point near the centre 
under a bafHc plate.^ The temperature is 
taken by thermometers placed at intervals 
in the wa|cr, and after 15 or 20 minutes’ stir¬ 
ring the temperature is oven throughout to 
within 0-1° (A about. 

• Microscope holders have*been built into the 
wall at suitable points such as 0, 10 m., 
50 ft., 20 m., 00 ft., 24'm., 150 ft., 50 m., 
so that #any length in general use can l>e 
dyfilt with. 

The tapes or wires are anchored at one end 
to bell-crank lever* connected to a cast-iron 
support which can be secured to the tank at 
suitable point*. The other ends are con¬ 
nected to ^training wires which, after going 
round pulleys in two independent inverted 
U-pieces bridging the end of the tank, pass 
over ball-bearing pulleys and are attached to 
weights. T lr arrangement is shown diagram- 




Kio 

. 

length can l^e detq/mined in terms of the j 
over all length of the tape. • Provided that | 
the length of the tape is less than the one- ! 
half the total length of the bench, the j 
operation of calibration tan be done fairly ■ 
quickly by having the straining wire rnafte , 
up with suitable lengths, .<#> that the various ; 
lengths of the tape can be viewed under tin* i 
microscopes. 

§ (I I) Thekmal (.'okkfk’iknt of Expansion. 
—In the same corridor as the 50 m. bench hut 1 
against the opposite long wall (soutfl) a 50 m. ; 
tank has been built. This has been designed | 
to give the relative coefficient of expansion of j 
two tapes or wires. 

The tapes or wires under observation are 
submerged in^water which is applied ho# or J 
at ordinary temperatures. To obtain low | 
temperatures ice is placed in the tank itself. 
The tank is suitably^ lagfjd, and is covered 
throughout with removable wooden blocks 
2 in. thick and f> in. in width. The water is 
stirred by a centrifugal pump, which draws 
water from either or both ends of the tanl* 

1 See article “ bine Standards of Length,*’ § (12). 


.7. 

matieally in Fig. 7. Each of thMwo U-pieees 
is supported by two woven copper cords w 
connected to a easting bolted to beams 8 ft. 
above the tank. They are provided with 
levels (L) and plumb-bobs connected to the 
overhead easting, and to these the U-pieces 
•are adjusted before any readings are made. 
Bv this means no component force, due to 
the weight of tfioU -pieces, is brought to bear 
on the tapes. • 

Since the catenary curve would cause the 
tape to foul t^c bottom pf th# tank, the tape 
is supported, at intervals of about 0 metres, by 
transverse supports ((') that are connected 
by corjls to the overhead beams, and the 
position of ejpdi of Jlfese* supports is controlled 
by plumb-bobs (B) so that no force (due to 
the weight of the supports) in the direction 
of the length of the tape is exerted. Points 
(I)) on the supports and on the U-pieees are 
all* brought to water level by levelling 
screws (such ^is A on the U-pieces) acting 
on levers to which the supporting Artis are 
Attached. * 

Adjusting screws (», and n 2 ) •acting on the 
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horizontal arm of each of the hell-'Tank lev era , 
give a small adjustment to the longitudinal ! 
position of the tape. 

In the diagram the far tape is «hown in 
position under the two fixed micrometer 
microscopes (M t , M 2 ). liy means oi • he 
screw the tape* is pulled until the lines* 
under observation are brought into the field 
of' the microscopes. •Readings are then ma»io. 
The tape is pulled further, tfle screw* is then 
unscrewed until tin* line is ag tin in oosiliou, 
and readings repeated. This operation Ts 
always done to eliminate ai^v .Viction that may 
exist in the pulley (I*,). The two tapes are 
then forced towards the hack of the tank^so 
that tin* second tape can he. viewed under the 
microscopes. This is done by three move¬ 
ments. The hell-crank levers are connected 
to a sleeve (S t ) that slides on a spindle (R) 
fixed to the easting. The tie-bars (T,) are 
attached to a similar sleeve (S.,f sliding on 
a bar (Ik.) bolted to a transverse wall at the 
end of tin: corridor. The other pair of tie- 
bars (To) that support the pulleys (1’,, J\,), the 
supporting cords, and plumb-bob cords of the 
U-pieces are all connected to a third sleeve 
sliding on a. bar fixed to the overhead easting, 
not seen in the diagram. All three sleeves are 
moved to stops, of which two (K, and K 2 ) are ' 
shown, and the second tape is then ready for 
observation. 

Observations made alternately on the two 
tapes are repeated three or four times, and the 
difference in the mean readings on each tape 
giws the difference in the lengths of tl^e : 
tapes at the temperature of the wafer in the 
tank. # 

The water is replaced by water of a different ! 
temperature, •xml similar observations made ■ 
on the tapes. It is usual to take observations 1 
at live or six temperatures ranging from 1° to • 
32° 0. 

§ (15) RkTKK.MINATION OK Til 15 AUSOUJTB 
( 'ohkkscjknt ok Expansion.- -The eocllieient 
of expansion of the laboratory standard 50 m. 
tape, No. lb, has been determined absolutely, 
and from this the eoellieienk*? of other tape 
or wires have been obtained* by tlie method 
described above. 

If the distant between the £oeul poinls of 
the micrometer microscopes could he relied 
on not to change, it would only be*necessarv 
to take observations on a tape at different 
temperatures. Owinifc IRgvever, to the time 
required in changing the ^vater and stirring, 
etc'., a suitable series of observations takes 
two (lavs. Moreover, the south wall to which 
the microscopes are fixed is an outer wall, 
and is submitted to some considerable varia¬ 
tions in temperature?especially on sunny days, j 
f’oNscfyuently it is*necessary T<> correct the 
readings for any*movement of the wall that 
may occur dftring the time required for the 


observations. This mjvamtnt affects yie 
measurements on the tap<; in two ways, by 
the longitudinal expansion or contraction of 
the wall, *nd by rotation of the microscope 
holder about an axis transverse to the length 
*.»f the tape., 

Tajie No. 13 was tested in 24*m. leygtlis, . 
and the longitudinal expansion of the wall 
* was measured by stringing an invpr 24 m. 
"iff (I do mm. diameter) in catenary suspen- 
siuu <o th- microscope holders themselves, • 
an.1 the cor eetions for this movement were 
deduct l from •measurements made on the 
aa£ of the, wire at the tinje observations 
were made on the tape. The wire was 
entirely above the* taiTk, and only £.\p<*sed 
to the changes i, the ail temperature o| the 
corridor. • ** • 

Tiie wire was previously examined so t»iat« 
the corrections could he obtained from varia¬ 
tions in the sag. TI is was done on the bench 
by observations made on the variations in the 
lengths and in the sag of wire under various 
tensions. The ratio <h/'<ll of the ehangg in the 
sag to tile change jn the,c4ord length was de- 
temuned from the observations, and is plotted 
against the measured*chord lengths of the wire 
in the graph {Fig. 8). This shows that at ^ 



pension of about (W» kg^ th/ltfl 15 about, that 
is to say, that under tnis condition the 
measured variation in the sag is 15 times the 
correction to he applied to the distance between 
the mien {scopes. 

This operation can he treated mathematic¬ 
ally as follows : , 

From (4) 

tp- x 2 (the other terms being negligible), 

- 1 « 



where/ J U'P. e 

From (t‘>) 

• l -k\ ^ where 4’is a constant, 

Eir 24 1^ 


vol ill 


WJ c 




754 


SURVEYING TAPES AND WIRES 


and since the so* ond *,ind third terms of the 
right side of the equation are small, we may 
treat l as a constant. 

. til 2 b 

,T " ' P - 

where a = //E<r, and h — wV 3 . 

dl _ « r lj 2b 
" ' *’* d 'J~ f /T* 

Differentiating again, and equating ;ho 
result with 0, dljdy is a minimum when 

T. . 

and substituting this in the last equation, 

dy f . . 

— - , .. is atmaximum. 

< tL 3a'b' 

The constants a, b, and / can he evalu¬ 
ated from the constants of the wire, viz. 
/ — 24 metres; Ej_ 10,000 kg. per sq. mm.; 
w~ 0-0i732 kg. pq? metre; tx — (7r/4)l‘(i5 2 sq. 
mm. ; and from these it is found that at a 
tension of 0-45 kg. dyjdl 1 as a maximum value 
of 151. This value confirms the practical 
result given in the graph (Fiy. S). 

Having determined the connection between 
the sag of the wire and its length by this 
means, the wire was then fixed to the micro¬ 


equations deduced from these two sets of 
readings may lie w iittep as follows: 

Length of tape at 0 L ~ 1 ), d v 

Length of tape at () t ~ l) 2 I tl, - I) x + 

j v/j and d 2 being the microscope readings. 

| Similarly the observations at various tempera- 
! tures were corrected so that the relative lengths 
, of the tjvpe wer.> compared in each case with 
tlje original distance I)j, and thus the lateral 
movement of the wall was allowed for. Small 
corrections also had to be applied for the change 
in the sag of the wire due to change in its 
, leqgth accompanying any change in the air 
temperature of the corridor. Since the co- 
ellicient of expansion of the wire was very 
j small (less than O il > 10 per 1 ('.), and the 
J range of the air temperature was less than 3° ( 
the corrections for this were nearly negligible. 

It was necessary, however, to allow also 
for any rotational movement of the micro¬ 
scopes. This was done by fixing a line wire 
at right angles to the length of the tape to 
each of the microscope objectives, and observ¬ 
ing the images of these wires in two flat 
vessels containing mercury which were tempor¬ 
arily placed half-way between the wires and 
the focal planes of the microscopes. The 
position of th(' wire in each case was read by 
means of the micrometer of the microscope. 
These observations were made on both 


scope holders at a certain tension, and suitable 
means of measuring the sag at any moment 
were arranged. The latter was done by fixing 
a east-iron bracket to the wall, to which a 
micrometer working vertically below' the wire 
was fitted so that the position of fh' wire 
could he measured at the lowest point of the 
curve. ()bse».V *ioii!s were lyade wi ll the 
micrometer at the same time that microscope 
readings were obtained on the graduations 
at each end of the tape, and these micrometer 
observations supplied the information by 
means of which the amount of lateral move¬ 
ment. of the wall lietwc- n the microscopes could 
be determined and allowed for. For example, 
observations were made on the length of the 
tape as compared with the distance (!>,) 
between the microscopes then existing, by 
taking microscope readings on the graduations 
of the tape, whilst readings were also made 
on the position of the wire at the lowest point 
of the curve, the temperature of the water in 
tho tank and of the tape being 0 V The water 
temperatu-e \ as tVon increased to () 2 and 
similar micrometer and microscope observa¬ 
tions obtained, the dist ,nce between the 
microscopes being D,» If the difference be¬ 
tween the two micrometer readings indicated 
that the sag of the wire decreased by n mm., 
the amount of the elongation of the wall 
would be nj 15 mm. The observational 


microscopes immediately before and after 
the readings were made oil the tape and on 
the sag of the invar wire at each temperature 
to which the tape was submitted. If the 
axis of one of the microscopes rotated between 
two sets of observations, it is obvious that the 
displacement would be detected,, by an altera¬ 
tion in the leading made on the image of the 
wire. The corrections were obtained by caleula- 
t ion from the dimensions and known constants 
of the microscopes. As a matter of fact the 
movements of tho wall were found to lie almost 
.entirely confined to lateral movements. 

The eoellioiont of expansion of a 24 m. length 
of the tape No. Ill was determined twice by 
this method. During the first set of observa¬ 
tions the sky was overcast ai.d the atmospheric 
temperature did not greatly +ary, whereas in 
the second set the sun was shining on the 
outer sur.ace of the wall to which the micro¬ 
scopes were fixed. In the latter case the cor¬ 
rections for the Intend apd angular movements 
we r e fairly large, as can be seen in the diagram 
( Fig. 9). In this diagram the apparent varia¬ 
tions in the length of the tape under alterations 
in the temperature of ,the water in the tank 
are plotted against the temperature to which 
the tape is submitted. Tkis gives the irregular 
curve. On adding the collections thus.giving 
die true length of the tape at each observa- 
t tion, the plotted points give the nearly straight 
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lino curve from which ftie true coefficient of 
the tape can he calculated. The coefficient 
was finally calculated #y the method of least 



'from corrected observations 
kp' expansion oner 24M=Q 0172 m.m.perj'C m 
Coefficient of expansions: (^717 x 10 b pir J°# 

O lO 20 « 30 0 , 

Temperature 

KlU. !). , 

squares, and the fi term was found to he 
negligible. The final results were? 

Menu coefficient No. 13, 

0/21 m.0-717 l .< 10'® per 1° C. 

Mean coefficient No. 13. 

2(i/r.O m.0-7 l«i 7 • 10' c „ 

Mean coefficient No. 13, 

2ff/f>0 m. (repeat). . 0 , 717 1 •: 10 _G ,, 

Hence the acce|>ted value of the thermal 
coefficient <*f expansion of this tape has been 
taken as 0717 x 10 ,; per I’’ 

§ (10) 21 - Mktke Comparator for tiif. 
Indian Covkknment.—T ins comparator 1 has 
been designsl under the supervision of the 
late. Sir David (Jill. It consists of a wall 
built in a corridor 110 ft., long by 1ft ft. wit 1^, 
and of a suitable apparatus made by the 
Cambridge Scientific lnstruitient Co. 

The fundamental part of the apparatus 
contains seven east-iron holders bolted to 
castings built into the wall. These holders 
are placed at intervals of 4 metres and each 
carries a micrometer microscope. The focal 
points of the seven microscopes are first 
arranged to lie all in the same horizontal 
plane by focussing each pair in turn on dust 
particles floating on water *n one ot two 
troughs having free pipe Connection. The 
troughs are moved along under the microscopes, 
one being always under a microscope already 
focussed, and the (Aher micr<«oope is.then 
adjusted to the same focus level. '4'ho micro¬ 
scopes are set in the vertical plane by setting 
them to a stretched fine jvirc. • 

A double set of rails i%ns throughout the 
length of the wall, and is*,arranged so that, a 
carriage, suitably supporting an invar 4 m. 
bar, can be brought into such a position that 
the fiducial lines 0 amf 4 metre of the bar may 
be viewed under an^ consecutive pair of mifro- 
seope^t • • 

1 l-’or more complete account, sec Engineering, 8epf. 
3, Iff 15. . * • 


The actual distances between one micro¬ 
scope artd the next cal 1 ! be thus dot ermiifcd 
from the 4 m. bar, and fifinliy, by addition, 
the distance between the two omPmieroseopes 
obtained. The carriage for the-line standard 
js then run on to a 4 m. extension <>V the wall 
which acts as a siding for the carriage when 
the bar is not actually in use. • 

i The tape whose length is required is tlrt*n 
p'acod in position, being supported f>y*strain- 
! ing wires or cords over two pulleys at. the 
j eiu*i of tlu4main part of the wall (about 2ffT> 
i mot ret- in lengfji), the tension being applied 
i by # two weights, usually 10 kjj. each. There » 
is .t small space between the main wall and 
the siding avowing room for the weight. Jhe 
; pulley at this end, which has to he disthanfled 
j for (he free p^sage of the carria^ft^o tljy 
! siding, is designed so that it can be easily and 
quickly replayed*. '.Ik* height of the pulleys* 
j above the surface of the wall is such that the 
! tapi^is free to hang in a catenary curve, and 
i the pulleys are supplied with adjusting Screws 
so that the lines of the tape can be focussed 
under the end microscope^ Reading# on the 
lines of the tape are then made, and from 
thestf the length of t*ic tape is deduced. 

The apparatus also includes a 24 m. tank 
which lies behind the wall, and which is use# 
for determining the thermal coefficient of 
expansion of tapes. The water in the tank 
is coinjoeted to a circulating pump and passes 
through heating apparatus, so that the Tem¬ 
perature can be quickly changed. Variations 
i in the length of the tape under observation 
1 at different temperatures are obtained by 
; comparing it with ail invar tape at nearly 
j constant temperature in air. The* latter tape 
i is in catenary suspension unddT the microscope 
; of the«end cast-iron supjflirt^m. apart, as 
j described above. Subsidiary microscopes are 
1 attached to the same castings, and these are 
i q,sed for observations on the tape in the tank. 

# Owing, however, to the effect of the heat 
radiating from the tank, the wall is liable to 
# some movement, the series of observa- 

, tions required. A correcfton for the brngi- 
j tudinal expansion or contraction of the wall 
, is afforded by the observation in the tape 
| suspended in air, but further measurements 
! have to be undertaken to correct for the 
i possible rotational#movement of the castings, 
j A collimator is rigidly attached to the casting 
! at- one end, whilst a telescope with vertical 
I and horizontal micrometer scales is fixed to 
the other easting, the ax eg of bflh instruments. 

| bring parallel to the axis of the comparator, and 
the relative rotatiqp of the two castings can bo 
deduced from the readings i,n the telescope. 

s. W. A. 

Synoptic Charts. See article “Atmosphere, 

» Physics of,” § (18). 
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Tabulating and Sorting Fngpnks. Sim* ] 

“ (‘iilc.Militing Machines,” § (12). 

Temper at uh i:, Atmospheric, linear law of< 
f vertical gradient of, as the basis of 
, Toussaint’s exponential altimeter . 
^OErmila. 'I’he law is 

T-2SS 0(MKi.c, 

T being the temperature Til degrees 
absolute at height, ~ lyctrcs, th' tem¬ 
perature at sea-level being taken as j 
288 ’ abs. See “ Barometers and Mano- j 
( meters,” § (17).^ 

Conditions for low values at the surface at 
, v'-dit. Sec* ” Habitation,” 5 } (2) (ii.). 
Correlation with sun-spots. See ibid. § (I). 
Discontinuity of, at e?>asT-line. See “Atmo¬ 
sphere, Thermodynamics of the,” § (5), 
Fig*. 1-4. 

Distribution of : 

In cyclone and anticyclone. See ibid. \ 

$$ (“)), ( 8 ), l^ihie Iff. 

In the upper air/ See ibid. $$ (4) and (.“>), 
Table 11. « " j 

Over the globe. See ibid. §$ (3). {”>), (8), ! 
(Ill); ty. 1-4. 

Diurnal variation of. See “ Atmosphere, ■ 
Physics of,” § (13). 

Effect of radiation on. See " Radiation,” | 

ft (3) (iv.)..i 

Equivalent radiative. See ibid. $$ (2) (ii.) 

and 4 (ii.). i 

Fiducial, for a millibar barometer: the tern- ! 
perature at which the instrument reads 
true millibars under the conditions of 
gravity at its given station ; obtained 
from standard temperature by 

applying a small correction. See ! 

“ Barometers and Manometers,” § (0) 

(i ii.). , i 

Instruments for measurement of: 

(i.) At the surface. See “Meteorological 
Instruments.” <!. § ( 1 ) ft s<g. , 

(ii.) In the uppc*r air. See ibid. VIII. * 

§§ 38-38. 

Inversions of. See “ Atmosphere, Thermo- | 
dynamics of the,” $$ (•"») and ( 7 ). 

Lapse of : 

Adiabatic. Sec “ Atmosphere, Physics 
_ of,” ft (3), (8). 

Variation wit«h height. See ibid. § (o). 
Lapse-rate of : ' l 

Flfect»of vrater-f.'apour oil. See ibid. §’*((>). 
Normal value of. See ibid. $ (o). 

Value of, in radiative?, equilibrium. Sec 
ibid. § ( 11 ). * 

Mean value for different latitudes. See 
“ Radiation,” § (4) (ii.). 

Observed vertical distribution of. See 
“ Atmosphere, Physics of,” § (">). * 


Range; of (annual). See “Atmosphere, 
Thermodynamics of the.” § (5), 

Range of diurnal. See ibid. § ( 10 ). 

Relation of, to pressure in dry and satu¬ 
rated air. See “ Atmosphere, Thermo¬ 
dynamics of the,”'5? (IS) ct .icq. 

Relation of, to pressure and entropy. See 
, i(pd. $$ (H)), (23), and Fir/. 18. 

Relation of, to pressure and height. See 
ibid. § ( 8 ). I 8 ee also “Air, Investigation 
of the Cpper,” § ( 11 ). 

$eale of. See ibid. § (2) and Figx. 1-4 (tabl<* 
of equivalents). 

Standard, for a millibar barometer: the. 
temperature at. which tin* instrument 
registers true millibars when stationed 
under standard conditions of gravity. 
See “ Barometers and Manometers,” 
§ ( 8 ) (iii.). 

For hydrometers. See “Hydrometers,” 
§ (<>)• 

Theoretical vertical distribution in con¬ 
ductive. radiative, ami convective equi¬ 
librium. See “ Atmosphere, Physics 
of.” § ( 8 ). 

Variation of, with height : 

For saturated adiaItalics. See “Atmo¬ 
sphere, Thermodynamics of,” $ (22), 
Fig. 8 . See also “ Potential Tempera¬ 
ture.” 

In radiative equilibrium. Sec “ Atmo¬ 
sphere. Thermodynamics of the.” $$(11). 

(12), Fig. 14. 

Vertical distribution of. Sc- "Radiation,” 

8 ( 3 ) (>■)■ 

Temperature or Aimfstmen'i 1 , suitable for 
industrial standards of length, gauges, etc. 
See “ Metrology,” $ (18). 

Temperature Control an repi ikkd tor 
Metrological Observations. Set* “ Metro- 
•ogy,”$(.'») (vi.). 

Temperature or the Fartii : e(|uiva)t*nl. 

radiative. S« o “ Radiation,” § (4) (i.). 
Temperature Fiteuts in Survey Work. 
See “Trigonometrical IRights,” $ (I). See 
also “ (Gravity Survey,’/ $ (17). 

Temperature (Iradient in the Atmosphere : 
elTeet on wind. S(*e “ At mosjthere, Physics 
<»/,;' § (io). 

Reversal an tho 'stratosphere. See ibid. 

§8(10), (11). < 

Temperature ok Line Standards: how 
measured, sources of error, etc. See 
“ (dmparators,” $ (!}'(/<)• 

Temperature Variations in the Value ok 
tii E Const a NT ok (J ravitation : exp'iunents 

.» to try to detect, by l)r. P. F. Shaw. See 
“ Fartvi, Density of the,” *3 (.‘0. 
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Tekoentestmal Scale of Temperasure : i 
the approximate aAsolule scale of tem¬ 
perature in Gent igrade degrees taking the 
freezing-point at 27.T\ Sea* “ Atmosphere, \ 
Thermodynamics of the,” § (2). • j 

'I n kodoi.it es, as ?ised for observing pilot* J 
balloons. See “ Air, investigation of | 
Upper,” Jj (ti) (i.), fii.), (iii.), (iv.). * 

Theodouich : explanation of the *ainl>ow. j 
See “ Meteorological Optics,” § (11 )• » 

THERMAL 11 Y ST KEEN IS IN L INUTH BAR. See 
“ .Met rology,” § (4). * 

T/lEKMOfJVNAMK‘S OF THE A’lWgVSril ERE. *CC 
” Atmosphere, Thormodynamies^of ihe.” 

'i’ll ERMocuAfTl: a self-recording thermometer. 
General description of. See “ Ahitooro- 
logieal Instruments,” § (!)). 

Types ol: » 

Bimetallic. See ibid, § (0) (ii.). 

Bourdon tube. See ibid. § (9) (iii.). 

Elect ric-reeording. See ibid. § (9) (iv.). 
Mercurial. See ibid. § (9) (i.). 
Thermometer Screens: 

Arrangement of instruments in. See 
“ Meteorological Instruments.” § (S). 

Types of. See ibid. § (5). 

TllERMoM ETERS : 

Black-bulb. See “ Radiant Ifeat and its 
Spectrum Distribution,” § (S). 

For meteorological purposes: 

Black - bulb in raam. See “ Meteoro¬ 
logical Instnuuents,” § (27). • 

Dry- and wet bulb. See ibid. §§ (") (>•) 
and («S). • 

For upper air. See ibid. Yi []. ij§ (HG)-(3#). 
Kata. Sfe “ Humidity,'' 11. § (11). 
Maximum. See “ Meteorological Instru¬ 
ments, " (7) (»■) and (S). 

Minimum. See ibid. §5} (7) (iii.) and (H). 1 

Self-recording. See “ Thermograph.” 
Wet-bulb: 

Depression of, variation with speed of tic 
wind. See “ Humidity^’ II. § S. 

Effect of moving air on. See ibid. II. 

5?§ (t>) and (7). * . 

Experimental vejilieation df theory of. 
in still aft 1 and. in still 1^'drngen.. See 
ibid. 11. § (5) (ii.). # 

Theory of. See ibid. II. § (5) (i.). 

Wet- ami dry-bulb, determination of«vapour 
pressure by. Sre?/#V/. 11. ^ (4)-(t>) and 

(ID- • 

Thermopile, as used for solar measurements. ! 
See “ Radiant Heat and its Spectrum | 
Distribution,” § (2()f. * j 

Thomas Has Meter. See “Meters for j 
MeiHfrift-ement of Goal (ias anil Air,” § (2(1). j 

• 1 

THREE! ALL AND WoLLOCIv's GRAVITY BALANCE, j 

See “ Gravity Survey,” § (5) (i.). I 


Thun nun Cloud : * * 

Its electric Held and eTjrrents within the 
cloud. See “ Atmospheric 4 Elcctri<it v,” 

§ m? • . 

Processes connected with the development 
and diSsipation of their electric charges. 
Sec ibid. § (24). • 

Thunder - storms, electric forces in neigh¬ 
bourhood of. See “ Atmospheric Elee- 
I ricit v,” (j (.’I). Also “ Atmosphere, Rhvsics « 

•f.” ft W (iik), (22). 

Tide-*<;a u<;K : •aj>paratus for recording the 0 
t-xact rise and fall of the s*a. See " Tides 
and TideA’redietion,” § (5). 

Tidh-predictino Machine, devised b* KeVin 
to lirnl the resultant or sum of a^puinher 
of simple harmonic motions. See “ Tides 
and Tide-Predict* n^»’ § (5). * * 

• TIDES AMD TlDE-PJtEDlGTl<);i 

i j? (1) Explanation of Terms used. -The 
term tide is used to denote the periodfb rising 
and falling of the wafer of the sea, due 
generally to gravitation and the relative 
motions of the moon, sun. and earth. The 
tide, thus caused may he called the a.dronoinictfi 
tide. A periodic rise and fall may he produced 
by meteorological conditions, such as day and 
night ^breezes, regular wind variations, and 
periodic barometric changes ; such titles may 
be classed as mcleorolatjieal tides. In prat lice, 
however, it is very difficult to distinguish 
between the titles arising from these two 
causes. 

In |ptd-ocean the observed phenomenon at 
any point is merely a rise •and fall, with 
praethgilly negligible horiamteIntuition. Near 
the laml, however, the cfTectsbecome modified 
by friction and other cTreumstanees, giving 
rise to tidal currents. A specially rapid tidal 
current in some localities is known as a race. 
'life horizontal motion must he distinguished 
front the rise amfr fal^strietlv called a tide. 

In rivers and river estuaries such horizontal 
motion gives a tidal jit at' and ebb superposed 
on the seaward motion of the river water. 

In a river the rise and fall of the tide must 
he carefully distinguished from the flow and 
ebb ol the water at a point in a tidal river 
some distance from its mouth the How up¬ 
stream continues after “ high water,” that is 
after Hie water has reached its highest, level 
am? lias commenced to fa||; sigiikyly the ebb # 
or motion down-stream continues after low 
water. In a rivcr # also the interval from low 
to high water is less than that from high to 
low ; the difference increases as we go up the 
ri vei. 

The change in water level from low to high 
•water is called the ruiujr of the tide. In livers 
and rapidly narrowing estuaries the range may 
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be much augmented owing to the contract ion 
of the channel up' which the tidal wave has 
to pass. When a deep-water wave passes into 
shallow water its front becomes steeper owing 
to friction. In the ease of some rivers with 
wide and shallow estuaries, owing'to the com¬ 
bine! F effect of rapid or moderately rapid 
ctfrrent, quick contraction, and friction, the* 
rise of water in the river is exceptionally 

# sudden and the How violent : the tulal wave 
advances up the river with the tuppuimyicc 
of a wall of w ater. This ^phenomenon is 

• called a bore. f 

§ (2) fSiMri.i; 'iCxi-LA nation of the Tides.— 
Thj astronomical tide* is a direct* onsequenoe 
of'the••gravitational attraction between the 
yarth *^»d (he moon and sun. In a sense we 
nuyv call the tide a secondary effect of this 
attraction ; the prinhuV e’iteet being the 
orbital motion of the moon and earth about, 
their common Centre of gravity, and of the 
earth •-and moon about t he sun. As is well 
known, the larger part of the tide is due to 
the nidon. Assume for the moment that the 
moon is in the p fade of the equator. At a 
[joint in the earth's surface immediately »:mlcr 
the moon the force of attraction is greater 
•.han the mean attraction on the whole earth : 
if this point is on the sea the water tends to 
be heaped up there. At the point antipodal 
to this, the point farthest from the mnpn, the 
attraction at the surface is less than the mean 
attraction ; again the water tends to be 
heaped up as the earth is drawn away from it. 
On this crudely simple theory, as the earth 
rotates, there would he two high waters at 
any place on the equator within thy day: 
one when the j^iaee was under the moon, the- 
other when ohu*» was at the point, fcirthest 
from the moon. The corresponding low- 
waters would occur at positions 9() J from 
these two [joints. The tide is thus semi¬ 
diurnal, high water occurring twice a day ; 
the average interval is, however, not exactly 
12 hours, since (he ijgjon devolves about the 
earth in the same\ijreetion as the earth rotates, 
but is about 12 hrs. 25 mins., so that high 
water occurs about 50 mins, later on successive 
days. 

Similarly the sun, supposed in tho equator, 
will produce a semi-diurnal tide, the average 
interval between successive high waters being 
exactly 12 hours*. From the known masses of 
the sun and moon and their distances ff»im the 

f earth it is yasy to calculate that the magnitude 
of the tide due to the sun is a little less than 
one half of that due to tly; moon. With sun 
and moon acting together the actual tide will 
lie a combination of the tides due to each, 
obtained simply by adding the separate effects 
if the depth of the sea at the place is large 
compared with the tidal range. At new o'* 
full moon lunar and solar high water will 
* 


I coincide, and the rise will be the sum of the 
effects due to each : a t first and third quarter 
j lunar high water will coincide w ith solar low 
water aiifj the rise will he the difference of the 
J separate effects. The larger tides at or about 
I the times of new and fyll moon are called 
| sprint/ tides; the smaller tides near the times 
1 w hen the moon is in the first or third quarter 
are c alled neap Jide.s. Since the solar tide is 
about «fno-half of the lunar, the range at 
fl-yrings 'is about, three times that at neaps. 
The interval between successive spring tides 
is half a lunar month ; the interval from 
spring to neap tides is, therefore, about a 
wfek. <■ 

The suif and moon being on the equator 
the effect at. a place north or south of tho 
equator is generally similar, but tho tide is 
smaller : at the poles it vanishes. 

Now siqyjose the moon is, sav, north of the 
equator. The tide will be greatest at the 
[joint immediately under the moon, north of 
the equator, and at the antipodal point, south 
of the equator. At any place north of the 
equator, moving on a parallel of latitude as 
the earth rotates, the high tide when the 
place is on the side of the earth turned to¬ 
wards the moon will be greater than that 
which occurs when the place is on the side 
away from the moon. The heights of the 
water at successive high waters will bo 
different : the amount of the difference is 
called the diurnal iiuqualily. As we shall see 
presently we may suppose this inequality to 
He produced bv the superposition of a diurnal 
tide upon the semi-diurnal tide due to tho 
combined effect* of the sun and moon. 
Similarly the sun, when not in the equator, 
gives rise to a diurnal tide. 

The foregoing simple theory of the most 
readily observed phenomena of the tides is, 
of course, far from exact : it indicates only 
the directions in which an explanation is to 
be sought. It assumes that tin* water covering 
* the earth is capable of assuming inslantane- 
i ousiy the fony corresponding to the forces 
' acting on it: it neglects the effects of motion 
i and inertia. According to the simple theory 
| the lunar high water should occur at. any 
! place when Vie moon r; in the meridian of 
j that plaep : spring tide should occur at twelve 
; o’clock (local time) when the sun and moon 
; are together in the lyeridian. Actually spring 
tide is latent ha n Vie tftnc of full and change 
J of the moon by ah mt 30 hrs. on the average. 
'I’llis interval is called the wje of tho, tide : it 
varies considerably from port to port. The 
average interval at itny port between tho 
tiiiie of moon’s transit at full or change and 
| the succeeding high w;ater is cqjlc^d the 
| establishment of the, port. This high <*atcr is 
not in general the maximum spring tide : tho 
| interval between the time of maximum spring 
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tide and the preceding moon’s transit is I 
termed the rorrectoi edtabliahnirnt: it fliffers 
little from the ordin&y establishment. At I 
any other state of the moon thp interval j 
between the moon’s upper or lowfcr transit •' 
and high water is called the hinitidnl InUiuiL p 
or simply the internal. « j 

For the preparation of tide tables it is of 
importance to lix a*datum or base lino -tom• 
which the height of the •water # shall be 
measured. To avoid the frequent ocourreni"' 
of negative quantities it is eonvenfent thUt 
this should he appso.ximately at, or below, 
the level of low water at spring tides. In ! 
British tide tables and charts the practice j 
has usually been to refer tfle heights and 
soundings to “ (lie mean low watcP of ordinary 
spring tides,” and the depth of this datum : 
below some datum mark fixed on tlTe short; ! 
or in the dock at the port is given in the tables 
for the port. This definition is novery exact : 1 
for a datum which can he more exactly de¬ 
fined see below (§ (o), Harmonic Analysis). 

§(.*}) Early Mktiiods or Tidk-piikuk-Tion. 
—Early tide-prediction was mainly concerned 
with foretelling the times and heights of high 
and low water. As wo have seen, these depend 
primarily on the positions of the sun and 
moon. Since the sun crosses the meridian at 
approximately twelve o’clock (local time) the 
dock lime at which the moon crosses the : 
meridian indicates at once the relative posi¬ 
tions of the sun and m<«>n. As a. iirst rough 
approximation we may assume, therefore, that 
I >r a given time of moon’s transit the tuni- 
lidal interval and the corresponding hcigftts 
of high and low water will be constant. It 
should thus he possible toVonstrnet tables or 
graphs in wljidi the times and heights of high 
and low water are tabulated or plotted , 
against the times of moon’s transit. Kroni ! 
such a table or graph the heights and times J 
for any given time of moon’s transit can then ; 
be computed or read oil. | 

To obtain such tables for any port it isele;. ! •/ 
necessary in the Iirst place to record the tii, # 
of moon’s transit and the c<%respnnding tidal 
heights and times over a considerable period ! 
of time in order to obtain a reliable average, j 
Hot to speak %of meteorological disturbances, : 
we have ignored ill this brief statement the 
declination of the sun and nioort ami other . 
variations in their motion relative to tiie 
earth. If, however, •bservalions fire made 
over a sufli<*ient period® say it year, and a 
table or graph construct^!, we shall he able to 
make rough predictions of the tides. 

Tables of corrections can he prepared, to 
he applied to the mean values computed as 
explained, showing the effects of the declina¬ 
tion*^ the sun and mmfh and of their 
parallaxes (depending on their distance fi»m 
the earth). • Allowance must also be made for* 


the diurnal inequality. Hound the British 
coasts this is relative!^ small, hut in m?ln> 
parts of the world it beeonVs of great import¬ 
ance, indeed at some ports, c.tj. Aden, at neap 
tides, thefe is often ony one •high water in 
the 24 hours, the second high water becoming 
evanescent* The application of.this method 
of prediction then becomes somewhat? com* 
plicated, and recourse is usually had to 4ho 
nn fho l based on harmonic analysis* (^ (5)). 

It is not necessary here to consider further the 
pricedureadopted when the preceding method 
is on .ployed. Jt was elaborated by Sir .John 
I^ibboek and is still in use for tin; majority of# 
the British ports. * 

§ (4) EqifcLiimiUM T»kory. —A brief account, 
may now be given of what is knowfl as*the 
equilibrium theory of the tides, jjim which 
modern methods of prediction are bas“d. The 
theory aasuyic^ that ^lie earth is cuverefl b^ 
an ocean of uniforni depth, and that the water 
talg\s up at each instant the form correspond¬ 
ing to the gravitational forces acting tipoll it 
at that instant ; in other words, it ignores 
the effects of motion and ^nertia. Tin? import¬ 
ance of the theory Ills in its application 
to Hie harmonic analysis of the tides and to pre¬ 
diction: in this application only certain main 
features derived from the equilibrium theory 
are utilised, and their use is justified, as will 
he seen, by the accuracy of the predictions 
inadqon this basis. 

lift F, M ( Fii/. I) he the masses of the sifli and 
moon, r the radius to the moon, p the radius 
vector to any point P 
on the earth’s surface, M y_J 

~ the angle between / 

r aryl p. Then the / 
acceleration of tlie O’/* 


/ , moon relative to E 
Xp is (E + M)/V a ; that 

pj of E relative to the 

J common ('.(4. isM/r 2 . 

' Wc shall suppose the 

1 'iu. i. ^ % 0 'irth’s centre re¬ 
duced to rest, and 
consider the moon’s motion relative to the 
earth. Let the direction cosines of r, p he 
Mj. ; J;i, t 2 , t 3 , respectively. The*com¬ 

ponent- forces ]>ei unit mass required to 
reduce E to rcsE are -M/r*.M,, - M/r-M 2 , 
- Al/r 2 .M 3 ; hence the potential at P of these 
forcer * 


since the differential coefficients of this ex¬ 
pression with respect to the co-ordinates of 
P are equal to the forces given. • 
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Again the potential at P due to M is 

» I. « 

. M 


1 \r-+,*- 


-/•/» cos 


to which may he added a constant ; since we 
are seeking the forces which urge ^ relatively « 
,lo 10, we ad(t flic constant - M/r, which makes 
the potential at the centre of 10 zero, and take, 
as *the potential at I* 

M M 

x 'r a ■}•//“- 2r/> cos z r t 

If we expand this in term*; of the *small 
quantity pjr, ajfid add together the tones 
contributing to the potential at .1\ ignoring 
the^erm 10 ,* due to file yarth’s gravity, we 
obtain foV the tide-generating potential V the 
Ooros.CX * * 


l\ P 2 


U/> 


(cos 2 z },) +”*' (V°» 2 ; 
or ignoring the higher terms 
V 


, cos c) I . 


:im , . 

- (cos-;- 


fl. 


Let A 
meridian 



lion of the moon in its orbit *X \. MCA i,> 
the moon s easteily ‘local hour angle. Let 
\, / be the latitude and west longitude 
h the moon's westerly hour angle 
Greenwich, 5 her declination. 

- h r 


Then 
and 

Mj —cos 5 cos (h - 
—cos X, 


-/), M.> 


V ~ " V, \k cos 2 X cos 2 o cos 2 (h- 
2r* “ 

4- f, sin 2\ sin 25 cos (h l) 

4- - sin 2 5)(A - sin 2 X)|-. 


D 


be tin* point on the equator in the 
of P, B 90' east f.f A; M the projec- 


h increases as the earth rotates, changing by 
2t>0 hi about 21 hours 50 minutes, while o 
goes through a cycle^of values in a lunar 
month. \1 cnee it will be seen that V contains 
[(approximately harmonic terms of periods 
onerhalf a (lunar) day and one day (semi¬ 
diurnal and diurnal tide*) as well as long- 
period terms depending on the lunar month, 
fc There will be similar tennis due to the sun. 

I It must J>e note/ that r is variable owing to 
the clliptieity of the moon’s orbit. 

•To proceed further we must allow for the 
variation in h, 5, and r as the moon moves 
in her orbit, the problem being to express V 
in terms of cosine functions, the arguments 
of which incntise uniformly with the time. 
For this purpose we adopt initially a procedure 
somewhat different. from the foregoing. 

Referting again to Fitj. 2, let 1 AXM ZC 
denote the obliquity of the moon’s orbit to 
the equator*; AX \ > MX / longitude of 
the moon in her orbit measured from the 
** intersection.'’ Also write p eosAl,ry sinXI. 
Then 

M, cos / cos x d -sin 1 sin y cos I 

- !>“ cos (\ ■/) I <f cos (\ i-/), 
M 2 - - cos l sin x •l-sin / cos y cos I 

— p 2 sin (y - /) - 7 2 sin (y 4 l), 
M a -sin / sin I ~'2 j>q sin /. 

Also 

1 1 --cos \, i‘ 2 -- (), A t - sin X 

Now 

- (i,M, i fjMj)’ • 1 


- cos 5 sin (h- l), 

M*/“>s»n o 

t., — 0, - sin X. 

q\i ..2 

Hence V — 'V° 8 5 cos x Cf,s ( fl ~ 

f sin o sin \|^- ^J, 

which after* simple transformation may be 
written € 

3Mg 


of P, 

from’ 




MA 


i sin 2\M,M 3 


Mj 8 4- M./“ '2M, 2 


And 
M, 2 - ) 
n' >■ 
M.M, 


-t :j(A - sin 2 ,\) 


; 2(y - /) i 2/y 2 7 2 cos 2y I q x cos 2(y +?)* 


/A? sin ( x - it) 

5(M, 2 + m 2 s 


pq( l>- 


<n *"i ,v 

-f P7 3 sin (y+ 2/), 

-*■«.*) r . 

-■Al ,x “ 1 P“7“ +7 1 ) l-2p 2 7 2 cos 2/. 

i 

Now, neglecting the perturbations due to 
the sun.ctlie equation # of the ellipse described 
by the moon ii #i ‘ 

, n , 

-~ 1 -f e eos (/- n.), 

r 

where r. is the moon’s nvean distance, m the 
longLmlc of the moon’s perigee in her orbit. 

! Then 


V 


3Nf«* 

2c s (J -f e 2 f 


! 1 4- e cos (/ - Tq); s (eos 2 z - J). 
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Also, by the theory of elliptic motion, if cr t i obtain # aii expression |hu 1 . ,'M i /-'■ * * 

I Hi the moon’s mean iougitudc measured m h«r j this the coefficient o u>s« h 
orbit, j . - fc'hn'oos^ly-.r,) 1 il bf f 2 "^/. 2 ./ 2 cos 2 X 

f=H 1 +2csill (ff,- T3,) + ;c 2 sill 2(ff, -*n,)+ ... t 


Now 

{1 +CCOS (f- CTj)J 3 

~ 1 + ije, 2 I- 3c cos (l - mi) + iie 2 2(1 —pi) + • 


-t : <?/>'' cos(2x 

- \ep~?l>' cos (2y " “ ^i) • 

- (w/ 2 eos (2x 1 177 1^1 * 

+ '/^V* (.'os (2x - 4 «t! t- 2?^,). 


■ n r SCO. ,(1 torm in till' bracket * is small » 

a- yo+llccosf.Ti -0-1 ::«h'os2(.T 1 -*'"i) + -»- ! bn t j,, burned for upcml n-asoB*! 

R, say. ! 


U cos (21 + a) * 

-(I- V «*).-.« (2,7, »-«)-{<• eoif(<r,;l-«i ^l) 

f ’i!(:os(:!,r 1 l-fl- -,) + \JC 1 cos ( Iffi -He - 2-,) 

and # 

R cos a - •(! - tie 2 ) coy rt 

+ :jc I «*os (ffj + a - w t ) 4- cos (<r 1 - a - m t ) ] 

I ! ’e 2 [ce’ (2<r t +a - 2”,) I cos (2(X 1 - a - -^i)] 

■I ... 

11 sin (2/+ a). K sin a an- obtained fwm 
those by putting a #,'2 ill |dace of a. 

In applvinft these foriiilllae we must put 
ft -2v or 2\. etc., and we get 

Ooeflicient of f cos 2 \ m 

r_(l- , ., l e 2 )|';> 1 COS 2(x ~ tTi) H/‘ COS 2(\' 1^)1 

+ I„H > 2 )2p 2 r eos2y * 

- Ill/ n* (2* - »» - «i) +«'«** i-X +»> 1 B t)l 

I 7 c [,i'eosl2y 3», i b,)+K'w(2x+3», *&} 1 

1, .2;.y|eo‘(2x i u, a,,)-H’osfe i 

+ e^fV’ 1 law (2\ ' t |T i 1 l ’~i) 

+ 9 'ok (2x 7 -1,7,-2-,)l 

, p - , 2y> 2 '/ 2 [eos (2 \ ! 2,7, - 2.0 ,) 

I eos (2x - 2<r, i 2o,)]. 

Similarly we may write down the eoelbeiiMits 
of sin 2,\ and of :;(} sin’X). , 

Tlieve are also terms due to the inequalities 
j„ the moon's motiofl produeeilaby Hie .on s 
attraelioil (eveet.nnal ami variational tides): 
tlviise are, however, here omitted. 

It may here he notr,!.that <’ Oi.,-1* ; a,u! 
that when I has its mean*val„e -1 - 
, ( sin 11 -20:!. r OH.'/* -0OS4; ry-isthus 

. little smaller than r. 1» developing 

* further f ««d <f ~S ’* aB ’’"‘"h 

the same, order as e. Sad the terms eunt,^.- 
, i„o # are omitted o^-ept where Hie eoelheieut 

in lnrgtt* • • , , , _ ,, «j\-3 

Wo flow multiply through l\V (l O » * 

to the appro,xinfttioii adopted Hie-, ami 


It T iiWMis t«7 express x , a,, ci,, e" 1 ' 1 " . 
m Naidi im-reases uniformly ecifli Uw hme, in 
terms of lo.nl mean lime and of the mean 
longitudes of tl e uwon and of perigee^ 



In Fi<j. i! let M lie the moon in her orbit, 
tl as before, 

1> the perigee, 

X the longitude of the nodi' 1!, 

0«tlie sidereal hour angle, 

„ the right, ascension of the intersection I, 
tl,,. longitude ill the moon’s orbit of the 
intersection, 

i the inclination of the moon's orbit to 
the ecliptic, 

u) the ol)li(iuity of the ecliptic, 

.v ♦lie monies menu 

j) tlie mean tonjjitmlr "f t»«o perigee 
(easilv distinguished from the p used 

• previously), 

. p' the longitude of the perigee measured 
from T incite ediptie 

I* Then ( , AT, r-Th >nt «I. N «J, 

s ,, a 5! - moon's mean anomaly. 

lix l he formula for re luetioii to the eehplie. 

pi* N + 1 sin 2 sin 2 lr' - S), 

777 , IP- -II!+<11’ TSl-tdlll’ 

=/ ■£ + }ain 2 i sin 2y/-N), 

and |* 1>' I .1 sill 2 i sin 2(f>'-N). 

* • , 

Therefore * 

n r -/>~£, 

(Ti —«-f. • 

Also X-1A = 

where/- local mean solar time reduced to angle, 

* A—sun’s mean longitude. 




76a 


TIDES AND TIDE-PREDICTION 


Tl*n 2(x -if,) iM-2Ki-,')-2(s-S), ( 

21 + 2(* - r) - 2(* }>), I 

, «<*• * •! 

* • 

X\w increase of l por hour l.V J . 

The # iivn*aHi* of h por hour- 0 c ’0410t>80 
[approx. 3bO J ; (3(»“>J ■ 24) |. 

Tho imroaso of s per hour 0°-54910(i5 
[approx. 300' ; (27;-;21)j. # f 

Tito increase <4 p ]>cr htuir --0 M)l54f>419 
(nearly 41' per«uinum). 0 

£ and p also change slowly a^N changes, 
buff incite use of the method of harmonic 
analysis their variation in the course of a 
single yc.ir is ignored*, the*value assigned 
•In fheni is that corres^x)*idii\g to the middle 
of the year. * 

The values above obtained have now to be 
substituted in the expression for V. t Wo 
may* write V <fh, the potential at height h, 
where is the height of the tide. Then h 
contains the fact >ii 3.\bi 2 /2c :, y, and since 
(j F/«~, this - :jM/K(u/V) ;, «. h is the sum of 
a number of cosine term’s or simple harmonic 
potions, which may be called simple tides. 
In the application of this method we assume 
that the period of each of these forced 
oscillations of the water, i.*\ the speed of each 
simjle tide, agrees with that of thd cause 
producing it : the water may not, however, 
immediately take up tho equilibrium form 
assumed ; in other words, there may be a 
phase difference or lag, depending on inertia, 
friction, the configuration of the land, etc., 
and tho amplitude of each t ompoiieifi, may 
also be affected lyy these various causes. 
The values oTYi. lag ami amplitude tf>r each 
component, can oiVy be obtained for any 
given port by actual observation and analysis 
of the variation of tide level at the port (sfvo 
below, § (f>)). * 

The principal terms in |he theoretical tide 
resulting from tlm..„odVe substitution are givef. 
in the appended schedule (page 703). The 
preceding analysis has been given to show 
the method ; the terms obtained arc. not all 
included in tin* schedule, hut will* he found 
in the more complete .schedules of terms 
usually computed in the* harmonic analysis 
of the tides. In the schedule arc given also 
the corresponding terms due to t^e sun. 
The solar terms will contain the coefficient. 




If we write r~--pl/c 3 , ~ 3M,/r, 3 ,-this co¬ 

efficient becomes 


For comparison of tVc relative magnitudes 
of the solar and lunar component tides, it 
is convenient to retfiin i!M/R(a/c) : Vi as a 
universal •coefficient, to be multiplied in tho 
ease of tflo solar tides by r 1 /r, the numerical 
valfic of which is 0-40035 or 1/2*17220. The 
#iolar tides in the schedule are. then at once 
distinguished by the occurrence of the factor 
rj/r in the third column. • 

In addition to*iho tides given in the schedule 
may be mentioned the long-period tide whose 
speed is the rate of variation of M, the longitude 
of the moon's nojle, which is about H)°*34 
per annum. This tide lias thus a period of 
alfc>ut nineteen years. For other components 
commonly evaluated and employed in predic¬ 
tion, reference must he made to the standard 
treatises on the subject. 

When a tidal wave advances into shallow 
water its form changes, becoming steeper 
in front, in*i manner which can be represented 
by the introduction of higher harmonics or 
over-tide. v. Thus corresponding to M 2 , S 2 , we 
have the over-tides M,, AI„, S,, the suffix 
denoting the number of periods included in 
(approximately) one day : the speed of M, is 
twice that of 5L In the same circumstances 
the combined effect due to two simple har¬ 
monic waves is no longer simply the sum of 
the changes in water level due to each 
separately : interference occurs between two 
simple tides in shallow water, producing 
effects which may fee represented by introdu¬ 
cing additional components of speeds equal to 
sum and difference respectively of the 
speeds of the original deep-water components. 
The. shallow-wato^- components thus produced 
are called compound tides : in rivers and river 
estuaries some of these are, of sufficient 
importance to be allowed for in prediction 
and to be included on the tide-predicting 
machine. Tho most important is the quater- 
diurnal tide (MS), arising from M, and S 2 . 

Finally, mention must be made of the 
meteorological tides. Diurnal and annual 
variations of meteorological conditions affect 
the height of ‘the tide, giving rise to tides 
>S„ S 2 , S 3 , . . . *S (t, Hsu. . . . These may also 
arise directly from astronomical causes, hut 
with the exception of !8 3 a nr.; of much more 
importance as meteorological than as astro¬ 
nomical 9 tides. In districts where regular 
rainy Reasons occur, the annual, semi-annual, 
ter-annual^ etc., ^cf.myonenls may be very 
la-ge at riverain ports. 

§ (5) Harmonic Analysis and Prediction. 
—The preceding theory leads to the conclusion 
that tho height of tl\e tide at any instant 
above mean sea-level can he expressed as the 
sum of a number of tern*., of the form 
* * « . 

, K cos («/-(). v 

7 1 in thFs expression denotes the speed of tho 
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Schedule op Pri^ival Tides (Harmonic Analysis^ 

* 3 M in \ 3 

Unjrvrml ( 'orjficu-nt - v \ tf ) a ‘ 


Inscriptive N.uuc.® Symbol.. CueHieient.* 


• M(iu> 

I V.'llllC (;f 

(JurllicicnL' 


Argument,. 


; Spml in 
in-grecsper. 
M.s. Hour. 


/. i-ilinF im/ Titles : Hr ural CorJJici< nl -=cus“ X. 

M a | A(l - :': ( -1eos4l # 

N A . lc COS' 1 AT 

• | 

s 8 ! 

T I r ' • 1 • :>i cos* Aw 

T “ " 

I I! -1(1 H :jf a )Jsin 8 J 


Principal lunar 
Lirger lunar elliptic 

Principal solar 

! Solar elliptic . 

, Luui - solar (lunar 

portion) lx 

Luui * solar (solar ! j "I! :jc 1 2 )A .sin 2 < 

| portion) J \i T 


.|r,1* J 2/ * 2(A-v)-2(*-:) ^ tisilo 

■ 087(10 r 21 A-r) -««-D 2 M:i 7«3 I 

-■l" f'> 

.->1 pp* ' 21 I 30 04M.00 

4 I * lx * 

-(//-?>,) I 20 0‘>S03 

tH.xr- 


■01243 I -t 

I * 

•03029 j 2M2 (/«-i») 

1 • * 

•01823 ! 2/ i-2* 


r . 

' 81)08*11" 


I [. lliuninl Tide* : th m ml < 'mfiekul - Bin 2V 


Lunar diurnal • ! 

! Larger lunar elliptic ; 

■ Solar diurnal . . j 

Luni - solar (lunar 
portion) 

Luni - solar (solar 
I portion) 


(t .V-)J sin i cos 3 .11 
lc ■ -A sin 1 cos 2 AI 


^ -03Gr» l 


'(1 — :P'| 2 )A sin w cos" Aw I *0877; 


(1-1 ;;r 2 )i sin 1 cos 1 


K * i T 


'(1 i iiV)! sin w cos [ 


Ml/. r)-a*-i)+l» lV'J4.K« 

M-I/j r )..*2(»-i) : 

. -(« J>) 1 !"■ 

t-h+ Att 

<1 (&- r) -iir I 


I3*:t‘.ist>i» 


If. 01107 


*08407 !/+/i—Air 


J! * 


Fortnightly 

Scini-annual 


in. 

Loftj ixriod TUI is 

'nmwl ('<jiJJiri' , iit- 

(S - 5 sin 2 A). 


Mf 

, (1 - 5c*)4 «in* 1 

j -07827 

| 

1-U0803 

8 

*! j . n , 

v l-'^V)A sin-w 

! r 

••03013 

- • 

* 4 

'- -’ 

t — 

0-U8214 


tido in degrees per mean solar hour; t is the 
time iu m.s. hours from the epoch or instant 
taken as the starting-point of the obseivations 
(usually noon of the first day). In this fonn 
It and are not absolutely constant, In 
vary with the position of tty? moon's node. 
For a period of one year, however, they may 
he treated as approximately constant and 
as having the values eorrespflnding to the 
value, of N at The middle of tty period* lon- 
eomparison of one year with another each 
term is written in the form 

• 

/H cos»(V%?t - «)• » 

• 

[lore / is n factor which varies from year to 
year with the position of the moon’s nolle: 
it represents the ratio of the value of the 
coefficient for that year to its mean v.tllle. 
il is now an absuliTto constant V represents 
that purt of the argument which is independent 
of the positioned the node: dV/f/pn gives 
the speed of the tide, u is the portion of 


the argument which <le|*en<ls on the position 
of the nude: a mean value of this is taken 
for any given year, k is then an absolute 
iVnstant and s/a represents the lag of the 
tide, in hours. ^The lieight of the tide at 
Vmy instant is thus e\|*caSs.l in the form 

/■ A 0 -1 —/It COS (V T It - s), 

\ denying the height of mean sea-level 
above some fixed datum. The initial value 
of V at tile commencement of the period 
(V„), and the value of n for the middle of the 
period are obtained from astronomical tables. 
Serial tables for the purpose, and for Ihe^ 
determination of /, arc fciven in "treatises oil 
tide-predietion. 

As examples of Abe \mrialion of / from year 
to year, it timv he mentioned that the extreme 
values for the tides Jl. and X are 1 (4 and 0 OH ; 
for 0, 118 and 0-81. 

, To complete the harmonic analysis of the 
tides of any given port it is necessary to deter- 
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milio the values of II'and \ for the fort, for 
the various component tides. To separate out 
any one component from the remainder, the 
principle folio .veil is to take height measure¬ 
ments at time intervals equal to the period 
of this component, if such heignt measure¬ 
ments, taken over a long period of time, say 
orfl* year, he summed, the? effect of other 
components will average out, if their periods 
are incommensurable with that of the seleeted 
component, and the sum will he N7<, where h 
is the tide height due to this component and 
N the* liumher of complete periods over which 
the summation extends. If we divide’ a 
single period into say -4 equal flirts in the 
cash of‘b diurnal tide, or t2 in the case of a 
siimi-os vnal tide, we can obtain 24 "hour- ly " 
mean values which will enable us to construct 
the harmonic curve <!/r escalation for this 
single component (with its harmonics or over¬ 
tones, if appreciable). The calculation is 
effected by ti»« usual method for a Fourier 
series. If we write 

h - - A 0 H A t cos nt f »»j sin nt I A. cos 2 ill 

+ Ho sin '2ul f *. . 

then A 

A, — cos nt, 

B x — h sin nt, 

where k is the average height obtained as 
above explained and the summation extends 
over 24 “ hour- ly ” intervals. The term hour 
is here used to denote of the period 
(diurnal) which in general differs from, but 
approximates to, a mean solar hour. From 
A, and !»,, H*. andw. are readily deduced, 
V 0 , u, f being known. 

To be able to apply this method if i.s dearly 
necessary that the height of the water at the 
particular port should be known throughout 
the period. A record must thus be obtained 
by means of a recording tule-gauge : this is 
in general essentiairior the application of the' 
method of harmonic analysis and prediction. 
Sir (leorge Darwin has, however, given a 
method of deducing the principal harmonic 
constants from observations of the heights 
and times of high and low water, when a 
continuous record is not available. 

In practice to apply the above procedure 
exactly as explained would involve touftmuch 
labour, requirir^, as it does, the measurement 
of the height on the tide record at “ hnur-iy ” 
intervals differing for each component-. The 
procedure generally adopted is to measure the 
height at each interval of an hour in mean 
solar time, and in applying the method to a 
component w hose speed differs from I o ' or 
30° per hour to take, instead of the height -j 
required at any instant, the height at the I 


I neare-t solar hour. An abacus has been 
devised by Sir (leorge. Darwin which renders 
i mechanical (he selection of the appropriate 
1 measured height for each component tide. 

| A o' uTection has to be applied owing to the 
j systematic departure from the true? times in 
j the height measurements taken. 

The foregoing indicates the general principles 
J of (he method, •md it is unnecessary here to 
[ go info furl her detail. 

j .‘In the* piece ling A (1 denotes the height of 
! mean sea-level above the datum line : its 
i value for the year'is the? mean of the hourly 
! height measurements throughout the year. 

: Till* datum liny usually adopted may now be 
more preci. cly defined as being below mean 
sea-level by tlm sum of the semi-ranges of the 
1 tides Ah, So, K,, (). 

. When the values of If and k for all com- 
i ponents of 'tuportance, and of A (l , have been 
determined for any port they can obviously 
be used to predict- the tides at that port in 
future years. To effect this by calculation, 
however, won hi be too lengthy a procedure, 
and to enable the method to be employed 
. Kelvin devised the 1 ide-predieting machine, 
i the purpose of which is to find the resultant 
j or sum of a number of simple* harmonic motions, 
j In this machine a w ire, fixed at one end, passes 
over a number of pulleys flu* centre of each 
: of which is made to move vertically- with 
simple harmonic motion, the portions of wire 
between the pulleys being vertical ; the other 
end of the wire carries a pen moving in a 
vertical guide, which records on a drum 
rotating about, a vertical axis. The rate of 
rotation of the Arum corresponds to mean 
solar time, and the periods of the various 
. components are permanently ‘adjusted by 
appropriate gearing in relation to this. The 
amplitude/if and initial phase-angle V () -j- u - k 
can be set for each component for any given 
port. The summation required is then effected 
by flic wire. From the curve obtained the 
Nieights and times ol high and low water can 
be 'cud off : ti e height of the tide at any 
other time can of course be obtained from I lie 
curve, if required! 

The tide-machines at present in use do not 
in general jut'udc siifli<4enl components to 
enable (him to be used for riverain ports, 
j situated on rivers where at certain seasons of 
: the yea** a great ris^* in water level occurs 
i owing to tin* rains. * In Such eases Lubbock's 
method is usually employed, tables being con¬ 
structed for each mouth separately, connecting 
tin- moan limes and heights of high uwl Jmv 
wnter with the times oCmoon’s transit in the 
milliner explained in § (It). Corrections for 
the diurnal components aye obtained 1,-y an 
empirical method, with the aid of the; tide- 
predieter., • 

As an example to show the closeness of 
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agreement obtained in* the analysis of tides 
for sneeessive years, the following figures for 
Bombay will be of inbjpest: 

Prince's Dock, Bomiuy j 




Rallies of If (ft.). 

“1 

Title. 






. 


1889. 

• 

1890. 

1SU1. 

1‘'92. ; 

M., 

4'iia r . 

4 115 

4-102' 

■HOI? 

4-112 

N 

l *;r»r» 

1 013 

M',11 

I-eui 

1 (Ho 

0-980 

l-oor^ 

1 -Or) 1 

1-0 It 
0-993* 

K, 

] -:ts7 

1 390 

J $-7 

1 -395 

1-404 

u 

•002 

•osn 

•051 

•o49 

•054 i 

p 

MJ 

■379 
• -0U) 

•no 

•052 

411 

■023 

403 

■057 

■<r<; 
•055 , 

Sau 

•130 


, 1:10 


•oi ; 



\' 

dues of k. 


i 

Title. 







l.^s. 

1889. 

1890. 

l*H. 

1892. 1 

M. 

s., 

328-CP 

329-1 

329-0° 

329-2° 

329-4 

1-2 

10 

4-0 

I! K 

4 1 

M 

31 H. 

313 4 


311 2 

314 9 j 

K, 

44 1 

44 7 

«s 

41-3 

im 

() 

18-3 

48-2 

47-3 

45-9 

47-8 ! 

1* 

43-0 

TM 

43 9 

44 1 

44 2 | 

M.f 

:ui:l 

315-7 

10 2 

30-5 

5-8 ] 

S«i 

133-9 

177-9 

209-0 

203-1 

170-2 

Tli 

*, degree 

of accuracy heir 

shown may be 


taken as fairly typical. l^may be noted, also, 
that- fur this port the ratios of (lie amplitudes 
S../JN1 „ P/K, do not dilVer greatly from their 
theoretical values. The values of e for I' mill 
K Jt whose speeds an* nearly equal, are almost 
identical. • 

The age of the tide — *(S 2 ) v(M 2 )/Speed 

of S*-speed <Tf M, - 33 hrs. approx. 

As an illustration of the ai-curacy of the 
predictions made with tin* Indian tide-pre¬ 
dicting machine, the following comparisons of 
observed and predicted times and height* for 
Prince's Dock for the year 1917, furnished by 
the Indian Survey Department, mav be taken. 
High-water times: 43 per ^ent within 5 
minutes, 82 per cent within 15 mins., 97 
per cent within half an lion?. With regard 
to the few occasions on whi' h the difference 
exceeds half an hortr it may*be remarked 
that where the diurnal componeutsyurc large 
the whole amount of rise and fall at neap tides 
mav often be very small and tlie change^n level 
at high and low waiPr tlvroforewcry small. 
At a number of ports, e.</* Aden, often only 
one high and one low- water occur in the 
24 liours at neaps. High • wa-ter hoignts: 
63 per cent within 4 inf-lies, 92 per cent within 
8 inches, 100 per cent within l foot; onl\* a 
very fe\£ difference^ exceeded* 1 foot. The 
spring •Tango at Prince’s Dock is about 1^ 
feet. 


At Rhavnagar, where the* range is 31 ft., 
the accuracy in the 'same year was even 
greater: 100 per cent <f the times were 
within 15 mins., 95 per cent of the heights 
within S' inches. l\>r bm’h j rolls the 
accuracy was about the same for the low- 
waters. ' * 

| § (6) Dynamical Theory ok Tin-; TilW:s. — 

The equilibrium theory of the tides is very 
fa 1- from giving a complete or even ;?ppioxi-^ 
mately correct solution of the motion of the , 
see* resulting from the attraction of the moon 
and .iin. It. tqkes no aeeount of the inertia 
of^thc water, of friction, or of } tho elfeet of tin- '' 
emiliguration of the land. It indicates, how¬ 
ever, that, file tidej ai* forced oscillations of 
the water, the periods of which can <c deler- 
iniried from thy k^unyi motions nf^k- 'limyi 
and the sun. If five free. period of o.-cilla^iot^, 
in a conline^l rVc'm f>f tinitr* depth shouhl 
nearly eoineidr* with 1 h<* period of one of the 
comnoneiil forced oscillations, the amplitude 
of t (Tat oscillation may heenormou.dx increased, 
i luirther, if the period of the free be Jess than 
! that of the forced oscillation, the maximum 
I disturbance x\ill tend t<7 agree in phase with 
the maximum of the;disturbing cause and the 
title will be direct; if tlx* period of the free 
oscillation be the greater, the phases will bam 
to differ by ISO" and the tide will he iunited. 
The latter is to be regarded as the normal 
condition in respect of the tides; it follows 
that we may expect low water to occur under 
and opposite to tin* moon, instead of IiIl'Ii 
water as in the equilibrium theory. The 
elfeet is of course complicated in the actual 
case by various causes. 

Laplace w r as the first to make any serious 
attempt to arrive at a dvnaTnieal theory of 
the tid^s. Anujpg the ermebjtfvcp.s he reached 
the most interesting was that in an ocean of 
uniform depth the diurnal tide would hr* 
evanescent. This conclusion has in recent 
yrjjirs been confirmed by Hough, who has given 
the most complete discussion of the dynamical 
theory. He oxanrmos^^.* various types of 
tree oscillations of the ocean, ami gives 
examples of tilt* effect which difference in 
deplh may have on (he theoretical tide. Tims 
for ail oei*an 29,000 ft. in depth hr* finds tJiat 
the solar semi-diurnal tide would have at the 
equator a height ‘id5 times as great as the 
equilibrium height and would be inverted. 
The general conclusion from Hough's work 
is that'*it is impossible 1o foresee the height, 
of ifliy forced tide-wave fyun tlfer radical con¬ 
siderations. It is unnecessary here to go into 
further detail. ^ 

(7) Cotid.u, Chart'-#— A eotirlal line mav 
be detinerl as a line drawn through all tlx* points 
on the surface of the sea at which the high 
water following full or change of moon occurs 
<R the same hour of (Ireenwich time. If 
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cotidal linos be ,'lravvn corresponding to the 
hours XII., I., II., Ill., a cotidal chflrt may 
ho. const meted from which, in certain regions, 
the travel of the tidal wave along the coast 
may be s^.udiNl. Various endeavours have 
Ikjon made to (‘onstruet cotidal charts for the, 
.different parts of the world, the most complete 
attempt being that of Rolliri A. Harris, as 
given in his Manual of Tide*, part iv. i». 
The difficulties, however, in preparing such 
charts for tin; larger oceans are consider¬ 
able, owing to the lack of information r as 
to tlie tidal movements in i,nid-ocean*: and 
considerable doubt has been expressed # ‘>y 
Sir (leorgc Darwin and others, as to the 
valve of such charts’ in w the present state 
of knowledge except in the ease of certain 

li'lit^'cV’MS. r 

, ljV»r further iuformatio?;' on this and other 
general questions of Ihteresf i” connection 
with the tides, e.y. tidal friction and its effect 
on planetary motion, reference may be made 
to tk'O 1 authorities given below. 

AVTIUKITIKS.-—Sir <1. II. Darwin, (Udleetcd 1'nprrs. 
I.; Kncii. Hr it ., artkhj “ Tides" : set* also The 
Tides mid Kindred 1‘f/enoinena in the Solar Si/stem 
(John Murray, 2nd ed., 1001); ivollin A. Harris, 
Manna/ of Tides, I’.S. Coast and <Jcodetie Survey; 
limit Triaonamet rival Suren/ of India, xiv. ; S. S. 
Amish, Phil. Trans., clxxxix. A and cxci. A also 
British Association Be ports. 


TimV: : 

Mean solar. See “ Clocks and Time-keeping,” 
§ (1). Also “ Metrology,” § (2) (ii.). 
Sidereal. See ibid. I. § (2) (ii.). 

The measurement of. See “ Clocks and 
Time-keeping, $ (1). ^ v 

True solar. See “ Metrology,” 1. § (2) (ii.). 

; c 

Time, Measure of. r l’h<‘ standard of time 
is derived from the period of the earth's 
rotation, and the unit of time in both metric 
and British systems is the mean soljir 
second, which is equal to 1/(24 > 00 < 60), i.e 
1/80400 mean sol-’-^ny. w % 

A true solar (lay is defined as the interval 
between successive transits of the centre of 
the sun's disc over a meridian, but this 
interval varies throughout the year, and in 
order that the civil day may be of uniform 
length, standard time, tis measured with 
reference to a “ mean sun ” which is 
supposed to revolve uniformly round the 
earth in a time equal to the average**length 
of the tree Solar ([ay. 

(i.) The mean solar day on which the 
definition of unit time i^ based is therefore 
defined as the average interval between 
successive transits of the centre of the sun 
across any given meridian. 

(ii.) The tropical or ;solar year is the aver¬ 
age interval between successive passages* 


MEASURE OF 


of the sun across the first point of Aries (the 
first point of Aries is the point where the 
sun crosses the cc{? lator from south to 
north) it is the intersection of the celestial 
! equatoi with the ecliptic. 

r(iii.) The Civil Year. —According to the 
Julian calendar the civi’ year contains 305 
days for three successive years, the fourth 
year containing 300 ; *a further correction 
is lmwj? by which a century year contains 
305 days unless divisible by 400, when it 
•’ con la fi is 300. 

The average value of the civil year 

305 303 + 300 x 1)7 
* • 400 

305-2425 days, 

and is accordingly approximately equal to 
the solar year, w hich contains 305-2422 mean 
solar day i. 

(iv.) The Sidereal Day is defined as the 
interval between two consecutive transits 
of the first point of Aries across any selected 
meridian, and is therefore equal to the 
period of rotation of (lie earth with reference 
t<> the fixed stars—the value is 23 hours, 50 
minutes, 4-0000 seconds. 1 

(v.) The Sidereal Year is the time interval 
in which the sun appears to perform a 
complete revolution with reference to the 
fixed stars. 

(vi.) Equivalent *.— 


1 tropical or solar 
year . 

305-24221(50 mean solar days. 

1 sidereal war . 

—< 300-2504 sidereal days. 

4 

-.‘{05-2501 naan solar days 
(epoch J000). 

1 mean solar da v. 

— 80,400 see. , 

1 sidereal day 

0-002737000 mean solar year. 

1 00273701 sidereal days. 

- 24 hr. 3 min. 50-50 see. in 
sidereal time. 

-80.104 O000 see. 


- .0-00727 mean solar day. 

=-=23 hr. 50 min. 4 -00 sen. in 
mean time. 

If 1 y«r • .. 

— 300'’. 


1 mean solar day ^0°5D‘8-33". 

• 

1 week . . -O'* 53' 58". 

30 d it vs 9 . -20° 34' 10". 

1 hour m 

= M407!K 10 ’ yrar. 

1 miiflite 

-0" 2' 27-847". 

-4-00132 ' 10'° year. 

* 

* 2 40V. 

1 second 

* IMIMMMi nr 8 vi-ar. 

le ngth of the 

-0 041000". 

seeoi^ls pendulum in London 

*-=3!)-131)29 in. 

9' . — 


• 4 • • 

1 Owing to tf 10 precession of the earth's %xis the 
true period of the earth's rotation is approximately 
■01 see. longer than the sidereal flay.* 
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(vii.) Rotation of the Earth .— 
Relative to a star . a>--0*00007292 r./s. 

Relative to the sun . 1 1®. —15°. 

1° =4 min. 


.. 

Revolutions. 

4 

Radians. * 

Degrees, etc./ I 

Sidereal (lay. 
Mean solar 

*>^ 

27T 

> 300’ 

day . 

1 ■00273701 

:1IKI388 

:?ii0 98. r )(i. r )° 

Hour . 

1 178075 H'.- 1 

2 (12511^ 10 > v 

15 04107° , 

Minute 

IMM’,:iJ58 .• 10 1 

4 :175270 ■ 10- 3 

15-0'107' 

Second . 

1 ■ 100570 • 10-;‘ 

7*292110 10- 0 

1 ;"»•«>» 107" 

* . 


Sec Yol. 1. “ Measurement, Dhits of.” 

* 

Time Standard.— For the British Isles and 
the greater part of Western ICurope (France, 
Belgium, Spain, and Portugal) Greenwich 
Mean Time is the standard and is known 
as G.M.T. or W.E.T. (Western European 
Time). For other countries a system of 
zone time has been adopted in which the 
time is referred to some standard meridian 
chosen so that the difference between the 
standard time for tin* zone and G.M.T. is a 
whole number of hours or half-hours. Thus 
zone 0 lies between 1\ \\. and 7.1 E. a nd 
keeps the time of meridian 0°, i.e. G.M.T.: 
zone 1 lies between 7.1 W. and 22.1 W., and 
keeps the time of meridian 15" W„ i.e. one 
hour behind G.M.T. ; #one - 1 is between 
7.', F. and 22A F., and keeps the time of 
meridian 15° F. one hour in front of G.M. I. 
Some adjustment of the zones is made ftn 
account of political boundaries. 

ij.) Loral Mean Time .—In order to eon 
vert time in G.M.T. into loeal mean time 
add 4 minutes for each degree of longitude 
for places east of Greenwich, and subtract 
4 minutes for each degree for places west of 
Greenwich. 

(ii.) Apparent Time.- Time based on the 
length of the true solar day is called 
“apparent time,” and it is this which is 
measured by a sundial or stflishine recorder. 
In order to obtain local, apparent time 
from local mean .time a correction must be 
applied, kno;\n as the equation of time. 
The value of the fcorrcction A zero on«*April 
](/, and dune 15, reaches maximn of I H» 
minutes 21 seconds on November 3, and 
I minutes 49 seconds on May !*4 ; and 
minima of - 14 minifies 25* seconds on 
February 12, and - <> Ininutcs 18 seconds 
on duly 20 a positive, sign meaning that 
the value is to bemadded to mean time to 
obtain apparent time, and a negative ujgn 
meaning that th%value is to be subtracted. 
Aeftutate values# of the equation of time 
for ‘each day arc given in the Nautied 
Almanac. . * • 


(iii.) Sidereal Time .—If a great circle J,e 
drawn'from the pole to a,star the angle tins 
hour circle makes with the ^meridian is 
termed .the hour ani/Je. The hour angle 
west of the first# point of 
Aries, turned into time 
at the rate of 15 " per , 
hour, is known as sidereal 
time. , ^ 

(iv.) Summer Tune. ■ - , 
Since 1910 it has been the . 
practice in most countries 
<4 Western Europe to use 
Summer Time, which is 
one hour in advance of 
* G.M.l’. The prrii.^l > r ycr 

which summer tinu^e-xtends 
varies in dillv>re.*t oountries and •aeonf ym** 
to year. v v 

See Vol.il. “ Measurement. Units of.” 

Time Zones. See ‘‘ . 'locks and Time-keeping,” 

§*')• 

Time and Azimuth. Determination of: 

By equal altitudes of three or moie stars. 
See “ Latitude, Longitude, and Azimuth 
by Observation in th<‘ Field,” § (f>). 

By observation in the field, t he latit ude being 
known a|)pro\imateIy. See ibid., $ (2). 
Tolerances in Enoinekrino Work : 

On evlindrieal pacts, for various classes of 
Jit, standardisation of. See “ Metro¬ 
logy.” § 28. 

Shaft and bole bases. See ibid. § (30) (i.). 
On gauges. See ibid. $ (18). 

On screw gauges. See ibid. § (27). 

On screw threads. See ibid. § (20). 

Unilateral and bilateral. See ibid. § 29 (ii.). 
Ton"o-mi<’I\OMeter : an instrument, whose 

construction ^depends quartz fibre*, 

for detecting the faintest musical sound of 
the pitch to which it is tuned. See “ Rudio- 
c micrometer,” etc., § (4). 

Torsion Balance: a laboratory instrument 
for measurement, of tin* constant of giuvit.a- 
%• tion by the torsion nfttlM of balancing very 
small couples. See “ Earth, Density of,” 

S(2). 

Tralles: alcohol tables. See “ Alcoholn- 
metry,-’ § (4). 

trigonometrical heights and 
TERRESTRIAL ATMOSPHERIC* HE- 
%1 FRACTION 

i J t> 

§ (1) Effect of Refraction. — When a 
series of tfiangul^tion is executed, it is 
usual at each station *<> observe the angles 
of elevation of all the surrounding stations 
with a view to determining their relative 
heights. The rays joining stations are not 
‘straight, but are bent into a curve by the 
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action of atmospheric refraction. This bend- ! 
ing takes place almost, entirely in a‘■vertical : 
plane, and the horizontal component is in : 
general too small to l»o detected except in '■ 
the case of close grazing rays; although in ( 
first-class work triangular errors do not in w 
general exceed l"-0 or less, and a refraction 
effect* of 1" would bo recognised. This lends 
support, to the otherwise natural conjecture ' 
that the distribution of the atmosphero is 
symmetrical about the vertical, or, in other 
words, that the layers of equal dehsity in » hc 
air are horizontal, for the refractive vindex 
of air diminished by unity varies as the density 
of the air. Some method has to be adopted 
by .«me/ins of which v the refraction in the 
vertica* ’plane can be evaluated. 
v ,,§ (*Ly Theory, (i.) Qen;*al —It has been 
x customary, for the pur}),', ses of many com¬ 
putations occurring in sur- 

T/ _vey operations, to regard 

the earth as being of spher¬ 
oidal form, and this is one 
assumption on which the ' 
generally adopted method j 
of 'dealing with refraction ! 
rests. ,• In Fitj. 1 is shown ! 
a vertical section through 
two stations A, li, whose ' 
verticals out each other : 
at () and the sea - level | 
spheroid at A 0 B 0 . , The i 
path of light between A J 
and IS is shown by the j 
dotted line, and the tan¬ 
gents to this at A and IS 
meet in T. Thus the angle 
of refraction at A of IS is S A — ISA'k, and | 
similarly iU ~ A ftT. ' 

This vertical \nglo of IS observed by theodo¬ 
lite at A is clearly an elevation E — OAT — U0°. 
The distance A 0 IS 0 is found, from the triangu¬ 
lation, and this combined with the knowp 
radius ()A 0 allows the angles to he conipute(J. 
The relation 

OA IS - 902^ </BA -90° + x = 0 
may he written 

E 1 -i2 1 + E 2 -B 2 + x = 0, . . (1) 

in which the only unknown quantities are 
lb, D 2 . Thus the sum of tiicso two refraction 
angles is found if the angles of elevation at 
both A and IS arc observed simultaneously. 

It has generally been assumed as a practi¬ 
cal workinfr ytMhod k that - <J 2 — Si, so that 
S2~ i(E t -f-E 2 l x)* it is also assumed that 
il—k'X when k is a constant for various values 
of x *mhI * s called tfic coefficient of refrac¬ 
tion. These two assumptions are tantamount 
to saying that the path of light from the station 
A is always circular and of the same ratlins 
for all angular elevations. It is clear that 



the coefficient of refraction is given by 
lc = (1 /2x)( Ej -f E 2 + x). To obtain a value of k 
at A observations at A ifnd surrounding stations 
are made and an average of the results obtained 
is used. : When it is not convenient to visit 
any station but A, a value of k may bo selected 
,based on experience and V*n the values of k 
found elsewhere. 

(ii.) Correct ions .—Some •restrictions are neces¬ 
sary to tonsure treasonable accuracy resulting 
from this method. Atmospheric refraction 
between'two pomts is by no means a constant 
quantity. It was noticed about 1840 that the 
refraction generally had a minimum value 
sometime between I r.M. and 4 r.M.; and its 
values at these hours on different days vary 
less t han I He values observed at other times. 
In practice it is generally impossible to observe 
t he angles at both ends of a ray simultaneously. 
It has accordingly become the custom to make 
all observations <>f vertical angles at or about 
the time of minimum refraction, whereby the 
equation 

k ---=■ ^“(Ej 4- E 2 -f x) 

may be used with greatest chance of success. 
It will readily be seen that this equation 
has no proper application if used with values 
of E,, E a taken at any and different hours. 

(iii.) Local Conditions .—When a value of k 
has been arrived at, it is possible to write down 
a value kx of the aftgle of refraction for any 
observation taken at, or about, the same time 
of day, and so to deduce a value of the height of 
any observed object whose distance is known ; 
but it is not to be supposed that a good esti¬ 
mation of the refraction has been made with¬ 
out doubt. Atmospheric refraction is a very 
variable quantity and local conditions affect 
it largely. I’or example, a ray close to the 
ground behaves very differently from a ray 
fifty feet above it. Tile procedure given 
above is really only suitable to give fairly 
k good results if used with some discretion. 
Case? occur in plains where no adequate 
allowance can % be made for refraction and 
vertical angles iy conjunction with triangula¬ 
tion arc useless. It is to bo marked, too, 
that the time of minimum refwiction generally 
agrees with tftc time of minimum clearness ; 
anti often*a low-lying object is so blurred at 
this time that observations on it are impossible. 
In other eases in hilL*rcfjraction changes with¬ 
out warning and * differs by considerable 
amounts at the hours of minimum refraction 
on successive days. It is partly on this 
account that in geode^c triangulation it is 
usiyil to extend observations of vertical angles 
over at least three days. • 

(iv.) Values * Found .—Various valifl^f of k 
have Inen determined in different countries 
and at different heights, (tarbo (Bib. 3, 4) 
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has distinguished between rays mcr land and 
those mainly over water. As refraetirtli de- 
]>ends on the densit y or the air, /.' should 
decrease at greater altitudes. Values collected ^ 
by Montgomerie (Bib. 15) from l#imalayan 
observations, however, show very considerable i 
irregularities from •what might be expeeted. # | 
Walker’s values (Bib. 5) in the Punjab give 
an indication of variations which are liable to i 
occur in rays close to the ground, 

(v.) Criticism of the M'thod .—'1 ho pro 
ceduro explained above is not furtv satis¬ 
factory, considered from either the theoretical 
or practical standpoint. "This has been re¬ 
cognised in practice, and when |M>sxiblo heights 
found "from triangulation haviJ been id justed 
on spirit-levelled values — a method which 
may lead to results satisfactory enough for 
topographical maps. But in much*o! the 
triangulation on which topographical maps 
depend it is impossible to re:driet obser¬ 
vations to time of minimum refraction, and 
spirit-levelling is not always available; so 
that very considerable errors may occur in 
heights determined by vertical angles. I'or 
geodetic purposes the method has little to 
commend it, and for these it should not always 
be followed. 

For topographical purposes a working 
method of finding the refraction appropriate 
to the time and day of observation is required, 
especially when the time does not coincide with 
the time of minimum refraction. For dealing 
with observations taken at times considerably 
different, from that of minimum refraction 
no very satisfactory guidance can be giv^i. 
At heights such as 10,000 feet the diurnal 
change in refraction has ffeeii found to he 
negligible, and at lower heights it becomes 
increasingly more apparent. In a. series of 
cases it has been found that the retraction 
at a station varies during the day pretty closely 
as the temperature, and (Bib. II) may be 
approximately expressed by R - G, M — H(r„, r), 

where M is a constant for a given ray for ah 
times (probably the same for all rays proceed 
jug to the same height) r m i- 1 * the maximum 
temiM’rature,and U IM is the minimum refraction. 
The value of M, which is an empy ical quantity, 
would have ty bo found experimentally in 
each ease, until son'e rules foioits evaluation 
can bo laid down ; and this stands #n the way 
of its practical application meanwhile. For 
geodetic purposes the gvholo question must 
be more carefully considered, wfrieli will now 
be done very briefly. • 

§ (3) A Mo hk Exact Theory.—I t is to 
be remembered that^tho sea-level surface of 
the earth which is generally called the “ geo hi 
does not exactly coincide with any spheroid. 
A cl#s(»- explanation of the distinctions be- 
tweei/spheroid and geoid will be found in tly. 
article “ Gravity Survey.” • 


The primary object of geodesy is to find 
the form of the geoid, ftvhioh can most easily 
be exhibited by its deviations^ from some 
selected spheroid of reference. The geoid, 
'icing an "irregular figure, doe* nyt form a 
convenient basis for formulae whereby com¬ 
putations of triangulat ion can be«carried out 
and so these air done in rein I ion to the splft-roid. 
i In the reduction of the horizontal angles ftm 
inaccuracies brought in by applying geoidal 
angles to the spheroid are small. Where B 
\*#ti';d angles are concerned the case is 
differ nit. Tho # vTrtieals to the spheroid and 
gt^id at a point do not in general agree. The * 
spheroidal vertical is defined "by the latitude 
and longit#de of tin# point computed, by 
triangulation, while the geoidal vcaigil Tan 
be obtained Uy ^jisti'onomieal obs.-r Jtio^x. 
The difTerencc of .the two vertical! is what 
i is generally <;allftd tin* Reflect ion of the plumb- 
line. N«»w all verdcal angles measured by a 
prouerly levelled theodolite refer to tin* geoidal 
verricai and accordingly are not lightly 
introduced into a formula based on the 
geometrv of the spheroid. To be eiftisistent 
it is necessary in (I) eithTr t<> apply corrections 
, to ttie elevations E t , E a to express them in 
terms of the spheroidal vertical, or else to 
compute x properly for the geoid and n<fu 
for the spheroid as is the usual practice. 
Thus if the plumb-lino deflection at A towards 
B is (and at B towards A is o 2 ) the equation 
(I) may bo correctly written 

Ej + *>1 + Eg + 3 2 + y ~ Rj + *- 2 * • (*^) 

x being computed for the spheroid. Here 
•and 8 2 being measured in opposite senses 
very tftou tend toeaneel. Butin hilly country, 

: su(4i as the Himalayas, larg<T values of 5 up 
to 1'#»f arc occur, and •incanfcelled amounts 
of Sj f<> 2 may reach 30", which will lead to 
' a very considerable crrflr in the estimation 
; qf \-il 2 (which is about 6" per mile of ray 
I length), it is very easy to see that a 20 per 
cent error can easily arise in the determination 
.if “ k ” on this«aec(VtiF The quantity 5, 
j must also be introduced it'uo the formula for 
j the spheroidal height of B above A, which 
I can be projierly dt rived from the formula 
OB eosee (>AB = OA eosec OBA, in which 
O AB = ]?! H I), - 0 t and (>BA s: E a + 8 2 R a . 

The resulting height has no exact connec¬ 
tion with that derived from spirit-levelling, 
for this latter is the geoidal height. By the 
| uaturf of the observation the spirit level is 
| always set up parallel t^> tho*gcgid, and by, 
virtue of tho large number of times of setting 
up follows "tho gjoid in great detail; and 
at no point assumes th# form of the geoid to 
be a spheroid (except maybe in the applica¬ 
tion of the orthoniotric and dynamic height 
corrections). The two heights of a point de¬ 
rivable from vertical angles (with due allow - 

# 3d 
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ance for refractiop and plumb-line deflection), 
and spirit-levelling, Cbviouply differ'by the 
same amount as the spheroid differs from the 
geoid; giving a measure of the height of the 
geoid above the spheroid and sb showing 
what is the true figuro of tho geoid. It is of 
primary importance in deduction *of values of 
*k that'the deflections 3,, d> should be introduced 
as'in equation (2). 

Now" the assumption that the refraction 
angles of tho two ends of a ray are equal, 
even when these are simultaneously observed, 
cannot be fully justified except when tH two 
t ends are at tho same height. Nor is it logical 
to consider a coefficient of refraetkm tho same 
for ;all angular elevations, and thr’.% by trans- 
fer<fneo < V~om one end of ft ray to the other, 
tho st'no. for all heights. BcRuetion depends 
ori tho density of the ah\ It is greater in 
'denser air than in ai* less ‘dense. At ono 
station it is greater on a descending ray than 
on an ascending ray. These are facts which 
can la. readily verified, especially in the &tso 
of observations taken when the refraction is 
not a Minimum. Tho idea of coefficient of 
refraction should be ‘restricted to horizontal 
rays. Denoting this by l' it may bo possible 
to express the refraction angle on auv other 
r y by 1(1 where [i is a constant at 

any moment and h is the height above the 
station attained by the ray. But neither k 
nor /i arc absolute consents for different 
days. 

§ (4) Temi’ERature Effects. —111 the ease 
of an atmosphere enclosing a gravitating sphere 
the atmosphere would be in mechanical and 
thermal equilibrium if the successive layers 
of equal density (and also of equal pressure 
and temperature 1 , were arranged in concentric 
spheres; and jLthe adiabatic relation between 
pressuro and deffAity m passing from any 
isobar to another ‘were maintained. This 
latter condition gives rise to a temperature- 
height gradient which is named the adiabatic 
gradient and amounts to fall of temperature 
of about 0°-. r »4 1.,/^r 1W) feet of height 
for dry air. For moist air it is about 0°-3 F. 
per 100 feet. The atmosphere, however, is 
subjected to many disturbing effects of which 
the main is the diurnal change from night 
to day. 'Phis only allows the atmosphere to 
adjust itself somewhat nearly as laid down 
above, and this state is in general most nearly 
attained at much .the same time that the air 
at the lower level reaches its maximum 
( temperature. reason of this can be set-n 
readily if the causes are looked into. Tho lower 
air takes its temperature mostly from the 
surface heat of tho cn-th. ‘‘if then the layer 
in contact with the hot earth becomes hotter 
in comparison with what is above than it 
should l>e according to the adiabatic gradient, 
its tendency is to rise continuously through 


any layers in which'' the gradient persists. 
And Jfi will continue too hot for its place during 
this process until it lfks given up its excess 
heat by conduction. Excessively hot air in 
* any lower' layer of tho atmosphere is accord¬ 
ingly caused to dissipate its superfluous 
heat to higher layers, whose temperature it 
raises slightly. It will bo seen, then, that so 
long as the lower layer’s are too hot there 
persists tendency to adjust temperatures ; 
and if sufficient time were allowed the adjust¬ 
ment wfmld become perfect. Moreover, the 
temperature gradient cannot for long exceed 
the adiabatic gradient. If the earth is chilled 
by radiation, as occurs at night, the air in 
colltact with it is also chilled to a tom|>orature 
below that lif ting adiabatieally what is above. 
TTie tendency of the lower air would bo to 
fall we to it not precluded from doing so by 
the earth itself. It. is only possible for it to 
receive heat by conduction from what lies 
above it, thereby chilling the ait* to a height 
which increases with time, lb-re then is no 
! convection. When tho earth’s surface is of 
j high radiative power this may lead even to 
a temperature, inversion— i.r. a rising of 
j temperature with height up to a certain point 
; and later a fall of temperature--a condition 
of affairs brought into evidence by the hang¬ 
ing of smoke at a constant level. Of these 
two processes it is dear that the former, 

{ in which the lower layers of air become 
j heated and strive towards equilibrium with 
I tho help, where necessary, of convection, 

I leads to a much mere uniform state of affairs 
! than can he expected from the slow latter 
process. 

| Observations oi angles of elevation of an 
’ object day after day and at staled hours show 
j in general that greater uniformity of results 
| occur among tlio.se taken at tho time of maxi- 
I mum temperature, at which time tho refraction 
is least, if observations are continued during 
a number of months in the year, some seasonal 
effect appears in the amount of the refraction 
N at maximum temperature. True minimum 
refraction may be considered to he what occurs 
when the gradient is adiabatic; and this in 
general is a quantity fairly closely approxi¬ 
mated to in ease of observations taken at 
times *of maxii .urn temperature. 

§ (5) R*5Kic action Formulae. —Formulae 
may be derived which represent the refraction 
under normal eondit«>ns. These are based 
<>n the assunrption fruit {he air is distributed 
symmetrically as regards density (and con¬ 
sequently also pressuro and temperature) 
about tho vertical; and they require some 
knowledge as to the relation obtaining be¬ 
tween the lem|»crature at a point in tho air 
and its height‘’above any convenient •laAuin. 
U is Ju-n necessary to make uso oi the 
“I following conditions : 1 
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p^Crp, where p=» pressure, 

r—absolute virtual tempefaluro 
(t^Js allowing for hiuniility), 
p = density, ^ 

dp— - • fgdh , h — height nhove datr^n, 

p — 1 = K/», p - refractive index of air ^or 

# dominant wave length (sav 
sodium 1 ) line), t 

p(r+h) sin 0 ==B, 0 -direction measured fr >m j ( 

"vertical, ^ 

(' — constant, * 

K— constant, 

B«* constant. 

From these it can lie shown that the true , 
“ inininium ” refraetiofi corresponding to the 
temperature • gradient which* is adiabatic | 
(viz, a — 0°-512 F. per 100 feet f<*r dry air) 1 
may bo expressed : 

or—Wj^+Wg, 


where w. — 3-475 x 10' (1 - 4 *) ( <J ’' i ^ 

1 V K I\(jJ r* 

\ 3-475 10 ‘ 

j J (, ot <l> 

ana — 13-8 w„ 

* T 

in which 


/II 


l — sea -level length of trace of ray in miles, 
h b — height, of observed point in feet, 

H = radius of eart h, 

<j lt = gravity at. station A, 

{!„— gravity at sea level, latitude 4o', 

11 —barometer reading *n inches corrected 
for temperature of mercury only, 

T 5 = absolute temperature (Fahrenheit), 

0 —apparent Z. 1>. of object, observed. 


Tbo adiabatic gradient «is not usually 
reached, and the refraction can for the 
general case btf represented by 
i> “/ lWl ■{ />* 

where uq ami w* are as given above. 

1-809-a 
1-327 ’ 


(1-809 - a)(l -800 - 2a) . 

J- “ IOTA * ’ 

in which • 

a l(/ ir -fall ii.ti'iiiwraUiro F. p.T 100 fact, 

dh O • 


• 

§ ( 0 ) AriM.ii-.mos .or* tjiu Fohmulak.— 
Thr main ililliiultv in Applying tlifso fonmiluc | 
ia that knowledge of drjah and d'-r/dh- is 
iTouinal, which is not generally availaWr. 
Perhaps the most <>hi»ous way of gaining it 
is hy readings of pleasure and temporai»re 
at two known heijftt*. Knell .measurements 
r,light,Vftninlv to We made in any ease where 
precision is desired. Failing them, the nnljf 
course is to t!iUo average values, wBieh can 


hardly bo expected to apply# very well in ^dl 
countries of widely difiergnt character and 
climate. • 

An average observed gradient of tempera¬ 
ture in tlie atmosphere is U r fti <> per 100 
4 net res (Bib y 18) or 3-3 F. pm- 1000 feet. 
This agrees with Kelvin’s adiabiftie gnulient« 
tor uwiM air (Bib. 10). It seems to be the 
Oiest gradient which can be t Imsey for the 
time of minimum refraction when no special 
delt‘i»iiinati« •• has been made. Taking the 
gratio! t, as* 3° F. # per 1000 feet, the table 
given 1 n the f<«llowing page has been con¬ 
stricted from the formulae qf § (5) to give 
the host value of k 0 , the coefficient of horizontal 
refraction, appropriate fi> any height. 0 * # 

If temperature and pressure an** known, 
or estimated, aft file station of ixh.ervati*. 
somewhat different* from the tahuhu values* 
allowance canahe made tiy aid of the correction 
columns. *Thc table also gives the values 
of l<|f (1 - 2 /,-J. which is the quantity ^which 
actually enters the usual computation* for 
heights. . 

Ho far a horizontal ray, l# s been considered. 
It is easily shown that, if the temperature 
gradient is uniform ftdong a slo]»ing ray- it 
has already been assumed to be 3‘ F. per 1(J(HJ 
feet tTirouglum*. — 1 hat the coellicient of refrac¬ 
tion for the sloping ray is the coefficient of 
horizontal refraction for height il„ \ JA/i, 
where; *ll„ is the height of the obseiy ing 
station, and A/< is the height above this 
station of the point observed. The procedure 
accordingly is to estimate Sh roughly from 
a special height indicator chart, ayd lake out 
for the height ll a + \±h, apjilying correc¬ 
tions ft>r the differences v»f temperature and 
prosfurc tabulated for ll a and observed there. 
This ptoccss h#s (1t>2o) # g*- eft* encouraging 
results when applied to $ number of Indian 
observations. • 

• For further information on tliis subject see 

like 11. 


^ (7) Fpfbct of Sl.Ol’l no ({round and 
k »:’U) TkmveratJrk ft^-.soKS. (j.) Lalle- 
mand. —Lalleinand lias proposed formulae for 
refraction of rays which are clofc to sloping 
ground (Bib. 12 and 13). These occur when 
a line of •spirit.-levelling is carried up a dull 
road. Ho assumes that the layers of equal 
air temperature in this ease are parallel to the 
ground, which seems a very proper assump¬ 
tion fnj rays within ten fcA of the ground. 
Fo%tho case when the level is placed half-way 
between the two levelling •taveffthe»ohtnins 


E 


000108«P 
100 


v-f, 

(»+ at)) 2 


L 2 

1) 


m 


in millimetres, where E is the error, B is 
the barometer reading in mm., t a are 

^he temperatures in degrees centigrade of the 
air at points on tho ray where it. (hoots the 
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M.S.L. f 

« 

! 

- - . - i 

2 

H 

<- - 

- I’.OOO 

30" 0 

85’ 

0 0823 

0 

30"-0 

82 

IMISlIt 

*. * 

1- 1 ,000 

20"-0 

70 

0-0784 

2,000 

28" 0 

7ft 

0-07ftft 

3,000 

27"-0 

73 

e 117-10 

4,000 

2ft" • 1 

70 

i 0-0732 

r»,uoo 

• *?". 2 

ft 7 

j 0 0714 

, 0,000 
(1 *'• A 

gl":i lit 

i 

| M -Oft Oft 

«/r.(H)o 

23" 5 

*‘.i .. 

0-0070 

8,000 

22" ■<* 

58 

o-o(ii>2 

* JUioo 

21"-8 


0*0(147 

10,000 

21"0 


0 0031 

] | 000 

20"-3 

40 

1 0-0fth> 

52,000 

10" 

4ft 

(H>51)1) 

! 

13,000 

]-8"-H 

1:1 

0-0581 

1 1,000 

IS" 1 *' 

■in 

00500 

15,000 

17"-4 

:n 

0-055:) 

10,000 

1ft"-8 

| hi 

1 0-0541 

17,000 

j It." 1 

1 :!l 

■ 0-0520 

18,000 

; hr-ft 

28 

on.-. i:i 

<10,000 

15"-0 

I 

1 -» 

0 05<>ft 

20,000- 

i r 4 


0-0180 

21,000 

13"-8 

10 

! 0-0474 

22.000 

13" -2 

1 1ft 

0-0100 

23,001) 

12"-ft» 

13 

j 0*0411 


K. 


Li«(I 2 A). 


Correction for 

, ” ,, 

Loj? 

Corredion for 

!4". , 


(1 2/,‘ 0 ). 

-1 1". 


i -<*.27 

. . 

- 0031 

T 9210 

- -0028 

1 -0032 

•0027 

•0030 

T 1)230 

■0028 

•0031 

•00-7 

*0030 

' T 0250 

•0038 

•0031 

•0027 

•0028 

T 0278 

•0028 

•0020 

•00-8 

*■•0028 

I -0205 

•0020 

•0020 

•0028 

•0027 

T *0313 , 

•0020 

•0027 

■0028 

•0027 

10331 

•0020 
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•002ft'’ 
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1-0340 

•002!) 

•0027 

•0021) 

•002ft 

T-1)300 
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•00*20 
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, -002ft 

T 0383 
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•002ft 

•0030 

•0025 
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•0030 

•0025 

•0030 

•00-5 

T-O’in 

•0030 

■0025 

•0030 

0021 

T-013O 

•0030 

■0024 

•0031 

•0024 

I-1)440 

•0031 

■0021 

•0031 

•0024 

T O Mil 

•0031 

•0024 

•0031 

•0022 
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•0031 

•0022 
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•0022 

| 

I 0400 

-0031 

•0022 

■0032 

•0022 

i 

T 0503 

I 0031 

1 

| -0021 

•0033 

•0021 

| 10517 

s -0032 

•0020 

■0033 

•0021 

1 

1 T 0530 

•0032 

•0020 

•0033 

i -0020 

T 0542 

•0032 

•001!) 

•0034 

! 0020 

I 0h5<J 

! -0033 

j 001!) 

•0031 

•0020 

i 

I •0507 

j 4)033 

•0011) 

•0035 

•001!) 

T 1)581 

j 0033 

! 0018 

•0035 

•0010 

j 1-0500 

*0033 

•0018 


front Stall, h-lescupi,-, ami back staff n'speet- 
ivily, 1> is'ilWoicnce of ‘’•staff readings, 
L the distance between staves, a is tin; cu- 
efficient of expansion <7 air, (I the mean of 
the three temperatures observed, 

a - i log (1 - iff) 1 

</>(*) = log ( b- r'l;) |R k 25’ 

where ri = 0 t:(l (logarithmic, modulus), 

_f, - tj_ log (1 * a) 

• T ~l, t\ ~ log (1 ■ o)' ■■ 

which defines 5 in terms of the three tempera 
turns. Values of cp[ 5) for various values of 
r are shown in tifole : 


T 

< Ir 

00 | 01 j 

0-2 

0-27 

[ 

| 0-3 

* 1 
0-4 ; 

0(5) 

(lOIXI 0-040 

0-0ft3 : 

« 

lo-oftft 

1 

! 0 005 ! 

0 051) 

! T 1 

or, mu 

0-7 

1 0-8 

; o*9 

J_ 

j 1 0 

0(«> 

0-041) , 0-038 

0 028 

, 0017 

1 O-007 

1 

I 0 000 ! 

I_i 


The expression above is derived from the 
empirical temperature law, / - « I h log (h I r). 
The coefficients ", >>. <’ can be found when 
temperatures at three levels have been ob¬ 
served; but this is not necessary for the 
application of the first formulae. 

(ii.) Cole (see Bib. 14) lias found in Egypt 
that the systematic error in levelling is consider- 
ably reduced if the staves are read in order 
hick, forward, forward, back. He considers 
that, especially in hot countries, tire air tem¬ 
perature near the ground is Gianging rapidly, 
and ’that the effect of refraction, even when the 
ground is level, is rapidly varying; so that 
when the second stall is read, refraction is 
perhaps greater thpfi when the first is read. 
By taking flic staves in the reverse order, the, 
variation effects the results in the opposite 
sense, and the mean of the readings is freed 
from tins time variation of refraction effect. 

((8) Ranof.-finpinu itv l)r. i-iifssuin Ramuf¬ 
fin nun. The, formulae ‘given in § (->) may 
ho applied to’ D.R.E. observations' ti? take 
‘account of abnormal refraotjon. In this con¬ 
nection ‘it is to be remarked thUt very extra- 
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ordinary values of refraction have been The samo occurs in the circum # -ineridian altitude 
observed on rays over the sea at small blights observation to a lesser degree. • 

above it. The I).R.Fjlis usually constructed In observations of altitudes of E. and W. 
to allow for normal values of refraction, and , stars for time, in topographical work the Z.I). 
the effect of anomalous refraction #could lx would gent-rally lie between 50* aiyl 70°. Mf 
introduced as a correction. As before, va^es [ the E. and \V. stars are well matched the 
of dr(Prjdh 1 ar^required. Unless the land J effect of redaction, having opposite signs for 


station is at a considerable height above the 
sea the term involving d^r/dli 2, is only small, 
and very probably may be left *mt of account in 
most cases. The value of d' jdh is important 
It is not a quantity which can ho AcanureK 
precisely by thermometers an less these are of 
a special kind, as tho.inteFval h L small and 
the temperature differences will be very minute 
reckoned in degrees. An alternative wav*of 
evaluating it depending on the *dip of the 
horizon is available here. The dip may lie 
represented by a" (in seconds). 

*•( r i5-ui| r J, 

in which 

/<(! --2204)^/<(l - 2204 F,), 

At' -~-F.,Ar, 

F| ,W*'±t. 

<h P s- T 

1( , p„ 519-4 
" /»*' T 

(j ^gravity at station, 

(/^-gravity at sea. level* latitude. 45°, 

/>„ -density of air at sea level, 
p m ~an average density of air between 
station and sea, • 

p H ~ an average standard density, 
if the computed value is compared with 
that observed, an equation is formed from 
which At j/i—dlfdfi can he found. 

§ (9) I'Tkiai Astronomy and Astronomic 
Atmospheric Rkfbxction. —Bessel’s or more 
recent refraction tables may In- used with 
confidence for any of these observations. 
Refraction enters directly into those observe 
tions in which star altitudes are observed, 
and only indirectly in observations for time 
by meridian transits and azumith by circuyi- 
polai-s or Polaris, or E. and kV. stars. In 
latitude observations by Taleott method (see 
“(Gravity Survey”) it is ustml to effiploy 
only stars of Z.I). < 40°. As tlfkse are in 
pairs N. and S. of nearly equal Z,T)., the 
refraction, assumed •syft^nctrica^ about the 
vertical, practically camels in the mean. 


</>• 

F»'- 

| GO’. 

- - . 1 

— •- - - 


0, .... 

58"-4 

r4r-2, 

0, .... 

• 0"1 

<>"•5 

0 # *,. # • • • 

• 58"-3 1 

• 1 ' 40"-7 

Bessel's Values i 

58"-2 

1 ' 40" G 

Difference . • . ] 

1 

• t)"l 


E. and W. stars, will partially cancel. *ilow- 
»ever, for Z.U.* not exceeding 70° the refractibn 
ca.i he computed from tables very sat isfctWorily, 
if the air pressure and temporal lire are oh- * 
served. It ft is, of course, the temperature of 
the a> in tile oyefi and not in the observatory 
teat that is required. • 

For Z.D. 3 up to 70° the refraction differs by 
< 2" from #hat is^lerited from supposiug^tho 
layers of equal density to he plane,#i£wlflch 
ease any law «pf ^variation of density^wj^h 
height leads to the.same total refracti on. Bv 
adding another *term fJie refraction is givc?i 
for Z.D. 8 «up to 80° with an error -- 1" ; and 
the levin which takes account of curvature of 
the isobars involves the total amount, of j*ir in 
a vertical column and is susceptible of accurate 
computation and tabulation. At great?*r Z.I). 3 
other terms become, appreciable in rapidly 
iiKTrttsing degree, an*! these invoke the actual 
variation of density with height which cannot 
he allowed for, except in an average way 
done by Bessel and Argelamler. 

For all practical purposes of field astronomy 
the agronomic refraction is represented with 
an error < l" up to Z. I). 80 by * 

p ~ p„ - t an <j> see 2 <j>. ^ *. JI. 

r 

Where/r—refractive index of air,* II is height 
of homogeneous atmosphere of density found 
at the station, r is the ra< lilTs of tin* earth, 
and i/?t is giv^n by sifi fit, #.0J- n sin 0 
in which </> is the observed Z.I). With the 
same precision tli*s equation may he written 
ill form p a — (r — 1) tan 0. Following the 
general procedure: of taking as stamlard i 
L muuoter II30", and standard temperature 
i 459 , ‘ , -4 -f 50° F* amd^'uUing in numerical 
rabies, the astronomic refraction may he ex¬ 
pressed in seconds : . 

p” -58 4|j . T * tan 0 - -0701 ^ j T * tan p see 2 0 

• ~Pi~ Pr 

Values of these quantities for a few typical , 
Z. IV.^vith standard pressure 90" and tempera* 
tiHK* 50° F., are as follows : 

• * • • 


70 . • 

75 . 

So 

2 ' 40" (j 

•— • 

3' 38"* 

5 32"-8 

!"-7 

4"-3 

11" 3 

2' 38"-9 

3' 34" 0 

5' IK*-5 

2' 38"-8 

3' 34*1 

5' lit".2 

• 0" 1 

-1 0" 1 

•Hi*-7 
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Tho lust equation shows how infraction <lcs- 
]lends on temperature and pressure, And that 
tho main portion of it varies as If/r. 

In geodetic latitudes only stars within 40° ,* 
of Zenith,aro»used, for which deafly tho for-j 
mul t — 1) tan <f> may be considered, 

rigidly corro« t, unless wo are to consider the case 
of uifequal refraction in various azimuths for 
wtiicli there is no means at present of allowing. * 
Apart* fro in purely local irregularities it is 
hardly conceivable that this should reach ap¬ 
preciable amount. In applying it correction 
for a pair of N. and S. stilt'? in the 'Jfaleott 
observation it is de;«r that a differencial 
formula may be used. (J\p n - {/.i -,1) sec. 2 
whv-h will lead to as* prqci.se a Result as if 
tj's.'rvation were corrected independently. 

Alf formulae for astfon^mif refraction are 
Jjaspd on the assumption that tho layers of 
equal density of the ait aro symmetrical with 
respect to tho local vertical. Considering the 
earth as a sphere the equal density surfaces 
are espumed to be concentrie spheres. f Thc 
formulae derived give values whoso applica¬ 
tion t.<t actual observations givo consistent 
results and so support the validity of the 
assumption, flight systematic errors ih re¬ 
fraction may he conceivable as duo to local 
peculiarities; and the form of tho meridian 
slit, of an observatory is designed with a view 
to lessening those. At. such a slit tho warmer 
air of the observatory enclosure mectp with 
the cooler outer air. Such a cause might lie 
effective in showing a false seasonal change in 
variation of latitude; but its amount cannot 
be other than small. 
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TuoroPAUSK: the boundary between tho 
troposphere and the stratosphere. See 
“ Atmosphere, Physics of,” § (5). Also 
“ Atmosphere, Thermodynamics of,” 
§ {">)• 

Height of: 

In cyclones and anticyclones. Sec “ Atmo¬ 
sphere, Thermodynamics of the,” § (f>), 
Table 111. 

Yaiiatiou with latitude. See ibid § (5), 
Table II. 

*■ 

Troposphere : the lower region of the 
4 atmosphere in which the temperature on 
the average decrease's with height. 
Distribution *4 temperature in. Sec 
“Atmosphere, Thermodynamics of the,” 

§§ (4b (•“>)• ‘ 4 

Variation of temperature in. See “ Atiuo- 
sjihcrc, Physics of,” 5; (o). Also “ Atmo¬ 
sphere, Thermodynamics of,” § (a). 
Variation of wind in. See “ Atmosphere, 
Physics of,” § (10). 

TUitfcVLEXOK THE ATMOSPHERE. SeC 

“ Atmosphere, Physics of,” §§ (12), (13), 

* ( 14 ). f| 1 

Transference of heat by. Sge “ Radiation,” 

H»)(iv.)« 

Ttjtton (Vave - LENGTH Comparator: de¬ 
scription and method of using. See “ Com- 

• parators,”f§ (4). • * 

Tyndall, Professor. Ajiparatus for the 
measurement of volume of water-vapour 
present in the air* See “ Humidity,” 
§t(13) (ii.). 
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Ullage : the volume of liquid in • partially, 
tilled cask. See “Volume, Measure i%nts '■ 

of,” § (0). * # 

Ulloa's Ring (or Fog-how) : a white rain¬ 
bow. See “ Met(*>ro]ogical ()]»ti»;.s,'’ §§ (14)* 
and (15) (iii.). • 

Units of Measurement (in metgorologvj. | 
See “ Atmosphere, Thermodymvnies of the,” | 
8 ( 2 )- 

Units of Volume. Volumes are measured in i 
tenfls of two kinds of units • (1) those billed 
on units of length, e.tj. the oulfic foot; (2).j 
those defined as the volume of a definite ) 
mass of liquid, e.ij. the gallon. See “•Volume, 
Measurements of,” § (I). 

Units ok W eights and •Mkasuijks : 

British imperial. See “ Metrology,” § ((>) (i.). 
Metric international. See ibid. § (fi) (ii.). 
Subsidiary and derived. Sec ibid. Iff. § (9). 
Upper Air; 

Distribution of pressure in. See “ Atmo¬ 
sphere, Thermodynamics of the,” § (7), 
Fm. 11 and 12. ’ 


Distribution of realised enjropy in. See 
ibid. §^(i), Fig#. I), 10. 

Distribution of temperature hi. See ibid. 
§§ (3). (4), (5), (7), (11), (12); Tabfes IT., 
III., VI. 

Distribution of water-vaj»our in. $ce ibid. n 
§(5),/ij7. 9. 

\l j»h conductivity of and its consequences. 

See “ Atmospheric Electricity,” § (17). t 
^.nstrumtntf for measurenfent of meteoro¬ 
logical elements^ Six* “ Meteorological 
Instruments,'* VIII. § (3D), ete r * ^ 
Relation bejwi^n temperature amfVei^ht. 
See “ Air, Investigation of tT>e Upper,” 
§ (II). Af>o “ iXmosphere, Pliy.sic.-f of^ ’ 
§ ( 2 > 

U.|.A. National Coarse Thread: table of 
sizes. See. ” Gauges,” § (DO). • 

U.S.A. National Fin i; Thread : tabl* of sizes. 
S( i e “ Gauges,” § (01^. • 

[J.S*A. National P»pe Thread : table of sizes. 
See, “ Gauges,” § (02). 


V-Notgii : table of rates of flow for 90° notch. 
See “ Meters,” § (31). 

V-shaped Depression. See “ Atmosphere, 
Physics of,” § (18). <’ 

VaI’O t'l!-PRESSURE IN THE ATMOSPHERE : 
Distribution of, over the globe. See “Atmo¬ 
sphere, Thermodynamics of the,” Fit). 5. ] 
Formulae for calculation of. from readings j 
of dry- and wet-bulb thermometers. See ! 
ibid. IL § (4) (ii.). 

Methods of measurement. See “ JI umidilv.” | 
II. §(»)• ' ! 

Reduction of, to sea-levoj. See ‘ •\tmo » 
sphere, Thermodynamics <*f the,” Fit}. 5. 
Saturation or maximum :• • 

Dalton’s law, experimental verification of. 

See “ Ifumidity,” I. 

Definition of. Sec ibid. L 
Effect of change of st ate on. * See ibid. I. 
Values of. See ibid. I. and y. § (15). 
See also “ Atmolj^iere, I’l^ermodynamies 
of the,” § (2), Tafele L 
Variation of, with height. Sec “Atmo¬ 
sphere, Thermodynamics of the.” § (II). 
Vapours, Determination of the Densities 
of. See “ Balances,” § (19). * 

VEiydttT y of Wind, Measurement of, with a 
manometer. See “ Barometers and Mano¬ 
meters,” .§ (22) (ii.). • • 



Ventilation and Humidity. See “ Humid¬ 
ify/' § (14). 

Ventliu Air Meter. See “Meters,” § (24). 

« 

Venturi Water Meter. See “ Meters,” 

m . , 

Vernier Caliper. See “Gauges,” (84). 
Vernier Time: method # of subdividing the 
second. See “Clock?} and Time keeping,” 

. $(!•»). * ' • 
(Vibrating and Accelerating Machines .+ 
See “ Weighing Machines,” § (5). 

Violles AcTiNo^iETiit?* .See “ Radiant Heat 
and its Spectrum Distribution,” § (7). 
VismiLiTY, effect of the atm<sphere on. See 
“ Meteorological Optics,” § (15) (v.). 

Volume (see also “ Volume, Measurement?* of ”). 
The unit of»volume is based on the unit 
of length, but in many cases the legal unit 
has been defined as tl*e space occupied by* 
certain weight of a standard liquid—• 
# usually water—under stajjpbyd conditions, 

(i.) Metric. —An attempt was made by 
the ft flinders of the metric system to corre¬ 
late the tw<? unit! by defining the unit of 
mass as the mass of a quantity of water 
which at its temperature of maximum 
density occupied 1 cubic decimetre ; the 
litre or unit of volume cojild then bc» 
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defined as the space occupied by a kilo- 

* gramme of water • tits maximum«density, 
or as the spatfe occupied by a cube with 
side 10 Centimetres. Further experiments 

. (see “Volume,Measurements of/«»§(2)) have 
proved that this relation is not exact. The 
experimental relation now accepted is that 
1«kilogramme of water at V C.. and press - 

* ure 700 mm., occupies 1000 027 e.e. In 
1872 Vile unit of mass was redefined as the 
mass of the International kilogramme in 
its actual state, and in 1001 »the denti¬ 
tion adopted for the litre, was thc*spaee 
occupied by a kilogramme of water at jts 
maximum ‘density and under normal 
atmospheric pressure (700 mill.) 

4 ^>) British. —In British units the gallon 

i#*me unit of volume^anjl is delinecl as 
1 the sjAiec occupied by. 10 lbs. weight of 
•distilled water weighed in Mr against brass 
weights at a pressure of 30 in.,and tem¬ 
perature 02 J I’. Units based on the unit 
of*!ength are also in common use. * 
(iii.) Equivalents. — 

(h) Metric I't^ts. 

1 e.e. -- ■(►Gin e. in. # 

1 litre -lunn-uj f ; e.e. 

• 03.731 e. ft. 

— 1-7.708 pint. * 

-= -2200 gal. 

(b) British I 'nits 
1 c.«in. 10 387 e.e. 

1 c. ft. -28-317 litres —28317 e.e. =0-22882 gal. 

1 e. yd. - 0-70-1.7 in. 3 . 

1 pint — -.7082 lit. 

1 gallon -- ■/•.7-IOu lit. 

See Vol. I. “ Measurement,. Unit s of/’ 

• • 
Determination of volumes from ^linear 
measurements* Sec *' Voltnne, Measure¬ 
ments of,” $ (o). * 

« 

• 

VOLUME, MEASUREMENTS OF « 
§ (1) Units of Vum ^. r |'he volume <>f a 
body is the amount outpace w hich it occupies, 
ami in order to state the magnitude of any 
given volume *it is necessary first to adopt 
gome dearly defined unit in terms of which 
the volume in question can he expressed. 

There arc a limited number of solid figures 
which have the property that by continuous 
1 repetition they maj- be extended so as com¬ 
pletely to fill space without* leaving any inter¬ 
stices. Of thesi^the simplest is th<^ cube, ailtl 
5 cube of definitely s^iecilird dimensions is a 
simple space element in terms of* which to 
express the volume of ( j.r .. tl?c space occupied 
by) any given substance or solid figure. 

A cube is completely defined when the length 
of one edge is stated. Hence in any system 
• of units a eyhe, each of whose sides is of unit 


length, is a unit of Volume which makes an 
instai.t appeal to one owing to its fundamental 
relation to the unit*oflength. Thus we have 
the cubic centimetre, tin? cubic foot, etc., as 
| widely u^'d units of volume. 

j/ is, however a mutter of extreme difficulty 
1 to determine to a high degree of accuracy the 
* external volume of a solid, or the internal 
i capacity of a hollow vessej, from measurements 
\ of their V-imar dimensions. 

1 Moreover, volumetric measurements are 
#aost extensively employed in the ease of 
lluids, and the direct application to such 
measurements of fin its of volume based on 
units of length is manifestly inconvenient. 

•/he weight V>f a liquid can, iiowefVr, he 
determined* very simply. Uonsequeutly legal 
units of volume have in many eases been 
defined* as the space occupied by a definite 
! weight of a standard liquid. Tims, for cx- 
' ample, the,gallon was defined as the space 
occupied by the quantity of water which 
| under certain specified conditions weighed 
; 10 II). 

| Sooner or later, however, the need arises for 
: determining the relation between units of 
volume delined in terms of the space occupied 
by a mass of liquid and units of volume 
j derived from units of length. 

The correlation between the two types of 
! units has been most accurately carried out in 
! the ease of the metric units. The work done 
in this connection i^,worthy of detailed emi- 
| sideratioii, not only because the experimental 
1 work itself is a notable example of extreme 
I skfcl and refinement- in physical measurements, 
but also because it is necessary for a clear 
understanding of flic metric units themselves, 
and forms the basis of similar correlations on 
other systems of units. 

(i.) Thu Cubic /Jrrinntre. —The founders 
of the metric system endeavoured to secure 
co-ordination between the two methods of 
defining units of volume bv specifying that 
the unit of mass, i.e. the kilogramme, should 
Ik* the mass of a quantity <»f water which at 
its teinperature *<f maximum density occupied 
a space of l cubic decimetre. The unit of 
vollune, the litre, could l, enee be delined 
alternatively as the space lycupicd by a 
kilognynme of# water at Its temperature of 
maximum density, or as the space occupied 
by a cube each of whose sides is 10 cm. in 
length. *' « # 

A provision#:! standard kilogramme was pre¬ 
pared by Lavoisier* and Uaiiv, and later 
Lefcvre, (lineau, and Fabroni were entrusted 
with the task of constructing the fundamental 
standard. 

lt'is wortli while to try V' form an idea of 
; the. magnitude of the. task imposed on Jliese 
distinguished physicists. The underlying prin¬ 
ciple is perfectly simple. (Jifen, a solid of 



777 


VOLUME, MEASUREMENTS OF 


wimple geometrical fonn, its volume can lie 
calculated in terms of its linear diimflisions. 
By weighing such a ^olkl in air and also in 
water the mass of water which it displaces* 
can be determined. Hence the yiass of a^ 
quantity of water is determined whose v ^iim ( 
is known in tcrfcs of units based on thg 
standards of length. 

Suppose, howevei, that a cube whose sides# 
are 10 cm. in length were be uwxl for the 
above purpose, and that the weighing in wat r j 
were carried out at 15°*('. Then aft error •>! j 


would ho brought about by a change in the 
actual cnctric uqit <tf iJass— • 

“ It is decided that the International Kilo¬ 
gramme shall be deduced from the Kilo¬ 
gramme ties Archives in its actual state.” * 

The kilogramme is hence the mass of a 
particular '•standard weight, and its original 
definition in terms of the mass of 1* cubic 
decimetre of water has no present signiticaTioe. ‘ 
(ii.) The Litre. —Further, tin* definition of 
the litre, was revised in 1901,- and i( is mm* 
defined juf follows: 


1 micron (i.e. one-thousandth <>f a millimetre^ j “if'/ic wit yf*volume, for determination# of 
in the measurement # of life distance between j precision, is the. volume occupied by a* 
opposite faces of the cube would produce an ! mass of / k Hay ram me of pure irate r, at its 
error of 30 milligrammes in trte standard 5iIo- maximum* density a.H under normal gtjno- 
gramtne, and an error of 0 1° ('. tn the deter- spheric pressure; this volume, is m-.rm& the 
initiation of the water temperature would 'litre.'"* * % , * m 

introduce an error of 15 milligramme^ lienee the definition of the l?re has no 

The above figures show* clearly that although reference ty fho uiflts of length, amt ine 
in principle the experimeift is oxtrvnely simple, j original intention that it should he equal to 
yet to carry it out to a high degree of accuracy 1 cubic decimetre has been quite abandoned, 
calls for tiie highest refinements of measure- However, the litre as defined abo\e iSI£ois so 
incut. slightly from the cubic decimetre that for 

When it is remembered t hat Lclevre, Gineau, ordinary purposes the litre may he Regarded 
and Fabroni prepared the “ Kilogrammes des | as equivalent to 1(K)0 t\o. 

Archives ” at the end of the eighteenth century, 0»(2) Rklation ji etwees the Lithe and 
and that, as a result of the latest researches, j the Ceric Centimetre.-- It is obviously, 
their standard has been found to (litter by j however, a matter of prime important e *in 
only 27 milligrammes from its theoretical mass, i accurate work that the litre should he known 


and even admitting that this accuracy may j as accurately as possible in terms of cubic 


partly lx* attributed to compensating errors, j centvnelres. 


one must realise that tVeir work was carried j The determination of this relation vTas in- 


out with extraordinary skill and success. 

Unfortunately, no detailed account of their 
work has been left by the authors themselves, 
the only source, of information being a report 
l>v Tralles. 1 Partly, perh.Tps, owing to this 
fact and alyo to the discordant results of 
subsequent observers a feeling of doubt de¬ 
veloped as to the accuracy with which the 
standard kilogramme fulfilled its theoretical 
definition. Consequently, in ls72, tin “Com¬ 
mission internationale du Metre” discussed 
the matter fully in all its hearings and nrri\< 
at the following decision : 

“ Considering that the Simple relation, 
established hv the authors of the Metric 
System, between the unit of^mass and the 
unit of voluiqp is represented by the actual 
kilogramme in a manner suHHignlly accurate 
for the ordinary purposes of ii#lustrv and 
commerce, and even for the greater purl of 
the ordinary needs yf .'•ienee; 

“Considering that thf exaet # seienees ha*vc 
not the. same need of a sample numerical rela¬ 
tion, but only of a determination as accurate 
as possible of this re^ition : 

“ Considering finally the difficulties \^|iieh 

1 " Rapport, ilc Tralles a Ja Conimission sur 
l‘unfti*de poids flu Systcme metriquo decimal | 
d'apres le travail <le M. Lclevre (ilneaii,’’ :?^li j 
Muv 1700 (liuse stu tn/stf'me mdtrique decimal, t. )ii. « 
558). * * 


eluded in the programme <>f research for the 
Bureau International for a long time, but it 
was not until 1910 that the results were finally 
► published. 1 * 

'IV account of this classical research, which 
w is carried out with the iffniost relinement 
and •kill, should he ct#isnllo*l for a full de¬ 
scription of Ine work, (.inly a brief indica¬ 
tion of the methods employed can he given 
.here. * 

9 As stated previously, the problem resolves , 
itself into measuring the dimensions of a body 
, of simple shape afld tl*%dVtennining the mass 
of water which it displaces. 

Three independent determinations were 
carried out at the Bureau International, and 
w hilst tjie mass of water displaced by measured 
solids was determined similarly in each ease 
bv means of weighings in air and in water, the 
methods of determining the linear dimensions 
of the bodies used ^lilTered«fundamentallv. 

• i 

• s “ Comptes Kondus des Sen arcs de la Truisicme 
Conference (leneralo des l’#ids et#M«siire& relink 1 
Paris en loot," Trn<\ et nuhn., 1002. t. xii. 

3 The reference to " normal atmospheric pressure" 

perhaps requires #i word of explanation. The 
volume of any given qiumtity of water varies with 
the pressure to which it is subjected owing to the 
slight compressibility of water. Hence, in order to 
he precise, the pressure to which the water is to he 
subjected must l»e introduced into the definition of 
the litre. • 

4 True, el mem.. 1010, t. xii# 
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(i.) M. Ouillamryp used cylinders made from 
harfi bronze, and thcirtlimenyions were deter¬ 
mined by comparison with a standard scale. 
The principle of tlie method used may be 
gathered frpm the following figure : * 


_L 


_L 


Js 


p rallel to B but inefined to it at an angle 
of froifi 8" to 12". The difTercnce between the 
measurements AB artd (i.C gives the thickness 
I of the cube. 

I (iii.) Thr third determination was the work 
| of ,yM. Lepinay, Buisson, and 
JJenoit. Two cubes of quartz 
I were used, the length of whose 
)«edges were 4 cm. and 5 on. 

| respeetivAy. Their dimen - 
j sions were determined by 
I olSservinjL in the first place, 

I the circular fringes produced 
I by the interference between 
i two beams of light, one rc- 

r »V* cylinder is reprel^nt^d by (A; A and B | fleeted from the*front face of fi 

aref ■'tact pieces carrying reference marks ! the cube add the other from the back face 
Kjg.ailtl R # . and S is a a standard scale. The 1 
whole is mounted on a cacriage which runs 
beneath two independently moiyuted micro 


R i 


BlO. J. 



Km. ; 


scopes. With the cylinder mounted fis shown, 
one microscope is set on B 1 and the otheijon 
R £ . i r ho carriage is then 
brought forward, so that 
the scffie is und^r the 
microscopes and the dis¬ 
tance between R A and B 2 i^ 
thus determined. Then the cylinder is 
rc^noved and A and B are brought into * 
contact with cadi other, and the dis¬ 
tance R,H., measured as before. The 
difference between the two measure# 
merits gives the length or diameter of 
the cylinder as the case might be. 

Three cylinders were used which had 
volumes of about 780 e.e., l.‘>00 e.o., and 
2000 e.e. respectively. To reduce their |'k 
weight they were made hollow. « 

(ii.) M. ( 'happitis, in an independent soriejfof 
observations, usod^hfec cubes ^»f glass fvhose 
sides were approximately 4 cm., f> cm., and 
G cm. in length. The linear ib’mensions of the 
cubes were determined by means of a Michelson. 
interferometer. The cube was mounted in 
front of and very close to a glass plate, as 
shown in Fir/. 2. ' * « 


tr 


(see Fig. II). 

Scoomlly, the Talbot fringes formed bv the 
interference between two portions of a beam 
of light, one* of which had traversed the cube 
and the other an equal thickness of air, were 
observed (see Fig. 4). 

By combining the 
results obtained from 
observations on both 
sets of interference 
phenomena the dimensions of the cube 
could he accurately determined without 
the necessity of knowing the refractive 
index of the quartz used. 

As compared with M. flmppuis’ 
method it is to*be noted that the only 
surfaces contributing to the interference 
effects were the faces of the cubes them¬ 
selves. 

The final results obtained by the 
different observers were : 



M. Guillaume 
M. Chappuis 
MM. Lepinay, 
Benoit . 


huissnn, and 


I litre* -1000-029 c.c. 

1 litre — 1000 020 e.e. 
1 litre- BK)0 027.c.c. 


In view of the. diversity in the methods 
employed and the difficulty of the work, the 
excellent agreement between the above rcsulls 
The plane surfaces A and B were adjusted j shows with whuff care and skill the experiments 
parallel to each other, and their distance apart i we^e conducted. , 



I'm. 4 

determined by tfte method employe^ by | 
Michelson 1 in measuring his “ eta Ions ” ustd 
for determirfin^ the *netre in terms of light¬ 
wave-lengths. The thickness of the air film 
between A and (' was determined by observa¬ 
tions on the fringes farmed by the film. A 
second series of measurements gave the dis¬ 
tance from A to B. For the purposes of this 
measurement the face,C was not made strictly 
* 1 Tr<&. el mim. t. xl. 



€ 


Jn his final Resume ft the whole observations 
I. Benoit gives , 

1 litre 1000*027 e.e. 

as the most probable value, and states that 
ftnyiinaceuracy in this figure probably does 
not exceed one i^nit in the ifUt decimal jilaee. 
The litre and the cubic centimetre arc 
, hAicc clearly defined units of, volume whose 
relation o&c to the other has been accurately 
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determined. Nevertheless, misconceptions as i 
to the exact- significance of the terjis are i 
somewhat- prevalent. I 

These are probably mainly due to thet 
formerly extensive use of vessels forftrolumctricf! 
analysis based on Mohr’s system of units. V On m 
this basis a litre ffhsk, say, is one which con^ ! 
tains at its standard temperature, e.rj. lf* w C., j 
a quantity of watcP whose apparent weight in*I 
air is 1 kilogramme. The e»paeily*of such a 
flask would differ by^approximately 2 e.e. I 
from the litre as defined in §*(1) (ii*). 
Further vessels graduated on the basis of 
one-thousandth of Mohr s “ litre ” as unit 
were t mailed “e.e.” Thus^tlie terms ytre 1 
and cubic• centimetre became applied to 
volumes which were very different from the : 
correct units. 1 

A less serious cause of uncertainly is the 
fact that at both the Bureau of Standards 
at Washington and trie Uekhsanstalt at 
(.‘hariotlenburg vessels mar ked “ e.e. ” are 
tested on the assuni]>tion that the unit used 
is the millilitre, i.e. one-thousandth part of 
the litre, and not the cubic centimetre. 

in view of the varying interpretations 
which have from time to time been placed 
on the terms litre and cubic centimetre it is 
important to emphasise the true meaning of 
the terms, viz. that the cubic centimetre is 
simply the space occupied by a cube each of 
whose sides is 1 ern. in length, and that the 
true definition of the ?itre is that given in 

$ M) («>•). 

§(.*{) British Unii'.s ok Volume- On the 
British system of units we have the cubic 
inch, the cubic foot, the cubic yard, etc., 1 
based on the units of length. 

The fiinduncnral unit defined in terms of 
a quantity of water is the gallon, which is 
defined as follows : 

“The gallon contains 10 lbs. weight of 
distilled water weighed in air against brass » 
weights with the water and the air at t 1 m* 
temperature of 02° Fahr., the barometer beii.^ 
at 110 inches.’’ • » 

The definition is not free from ambiguity. 
The density <>f the brass v;eights to be ysed 
is not specified, no standard humidity of the 
air is fixed, and tjie phrase, “the barometer 
being at lit) inches,” is capable of Varying 
interpretations. * 

The official Board of Trade equivalents of 
Metric and imperial mfi^s of volume are given , 
in the tables below. # 

t.'vhic Measure 

I Cubic inch • 19-387 e.e. . 

I Cubic foot {1728 eu. in.) --0-028317 cubic potre. j 
1 Cubic van! (27 cu.*ft.) «0‘7fi4553 cubic metre. . 

v - --•--I 

1 The disadvantages of Mohr’s system are dyilt 
with exhaustively by Sehloesser, Z. ajfffew. Chem.,§\ 
1903, XVI. 953. 1 


Mrnsun's of Cayacilt/ 

mill * • * 

I Pint <4 gills) 

1 Quart (2 pints) 

1 Gallon ^4 quarts) 


1 Peck (2 gallons) 

1 Bushel (8gallons) 

1 Quarter (8 bushels) 


*-1 • 12 ileeilitres. 

— 0-WiMJitre. 

— 1 139 litres. 

4 5459&31 litreS. 


-9092 litres. 

— 3-937 "dekalitres. 
■--2-909 lu-etolitfea. 


Apothecaries’ Mmsurc • # 
t Minim -0-059 millilitre. 

! Fluid scry;>lc - I • 184 milhlitres. 

I l<Vd drachm (9(J minims) -3'552 millilitres. 

1 Final ounce (8«drackni.Q -2 84123 centilitres. 

J= 0-£9H litre. 

1 Gallon (S. pints or 160 

fluid <&.) , • ^4 5459631 jjtr.^k 

It should, bowfvci* be noted tl^d 1|?t« Jjtre 
is defined as follows : 

“The litfe Ts represented by the capacity 
at 0° (A of the cylindrical brass measure 
marked ‘ Litre, 1897.’ " 

This measure is deposited with th£ Jbmrd 
of Trade. 

• 

A factor often required the weight of 1 cubic 
foot of water. This may be arrived at as follows. 
Starting with the legal equivalent 

,, I yard-0-914399 metre, * 

we have 1 on. ft. -0-0283197 cubic metre 
-28-31599 litres. 

Also* 1 gallon — I -5459931 litres, , 

and hence 1 eu. ft.— 9-22882 gallons. 

Hence the weight of I cubic foot of water is 
92-2882 lbs. under the same conditions that a gallon 
of water weighs 10 lbs. 

^ *4) Amkhuan Units cv Volume. - The 
American customary limits bearing the same 
names as the* Imperial u.fits have somewhat 
different values, as will»be seen by comparing 
the table given below with the preceding* 
tables: 


American 

Customary 

Cnits. * t * 


Metric 

Equivalents. 1 


1 Fluid dram - 3-99991 millilitres. 

1 Fluid ounce. — 29-5729 millilitres. 

1 Liquid Quart 0-949333 litre, 

1 liquid Gallon 3-785332 lities. , 

I Bushel 3-52383 dekalitres. 

» 

$ (o) Determination of Volumes from 
Linear Measurements.-,I t is not proposed** 
to give here detailed proofs of the formulae % 
thereby the volumes of various bodies may lie 
calculated from measurements of their linear 
dimension‘d as these may be found in many 
standard matheWticjd text-books. It will 
suffice to give n general account of the problem 
and to quote the results obtained in special 
eases of common occurrence. 

1 Circular No. 47, Bureaiyof Stand.wds, 1914. ' 
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Let ABO {Fig. fy be the seel ion in the plane 
of Lie paper of any solid tigqpe. Oonrider an 
element of the solid cut off by the two 
parallel planes PP and P 1 P l , which are perpen¬ 
dicular to the horizontal axis OX and separated 



by no vpty small distance*. 8x. )\ x is the 

distiti.'.-i 'crl PP from () measured along the 
axu- OX tl'> area of the srt'ticm PP may be 
rem^sentod by 

fix)' u 

and the volume of the above element by 
, ■ /(.<■)«•■ 

The volume of the whole solid is given by 
i K h , 

I A-rHr, 

■ a 

where a and b are suitably chosen limiting 
valves of x. 

The following is a simple particular ease. T.et 
OX {Fig. 0) be the axis of a circular cone of which 



OAB is the section in th“ plane of the paper, and 
,a is the radius of the base. < (Voider the element 
of the cone rut olf bv two planes parallel to the base* 
-and distant x mid x -e,x respectively from (). Th* 
volume of this element is 

7r(.r tan ) 2 n.r 

7m 2 r“„ 

or ' . <> 

h 


where .< is the height. <-f the eonc. « 

The volume of the whole rone is 



- - 3 tt« 2 /». • 

o w * , 

The results obtained in a number of special 
cases of common occurrence are given below : 

(i.) Rectangular ParalUdepiprd.-- -The volume 
is equal to the product of the lengths of three 
mutually perpendicular edges. 

(ii.) Parallelepiped .—If a, b, and c are the 
'•lengths of three edges 'which meet at a corner, 


and A, B, and 0 are f ho angles between 
those edges then the volume is given by the 
product tt 

i, - a be sin A sin B sin C, 

r f 

!' i.e. fhe volume is equal to the area of any 
fae£ multiplied by its perpendicular distance 
£rom the parallel face. 

(iii.) Prism or Cylinder.-— 

Vf flume =*iarea of base x height 

* (iv.) Pyramid or Cone .— 

Volume — arya of base x ?, height. 

(v.) Frustum of Pyramid nr Cone -— , 

Volume */i(A, H- s'A,A 2 h A 2 ), 

where /<>is the perpendicular distance between 
the two ends and A, and A., are the areas of 
each end rosnectively. 

fn the ease of the frustum of a cone of height 
h, the radius of the base being It and of the 
parallel face r, the above expression becomes 

JAir(It 2 l Mr 1 r 2 ). 

(vi.) Sphere .— 

Volume — *7rr*, 

where r~ radius of sphere. 

(vii.) Segment of a Sphere {Fig. 7).-— 

Volume - irh 2 {r ■ }Ji) 

% 

or Volume — ^(/q 2 -\- 'ih 2 ). 


« 



O 

Fid. 8. • 


4ix.) Section of a Sphere formed hy two 
^parallel pliMies ( Fig. 0). * • 
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Lot 2 h — distance between the planes, 

d perpendicular distance from^centre 
of spheriVto a plane parallel to the 
two bounding planes and midway) 
between them, •> \ 

r — radius of sphere. 

Then * y 

Volume , 

The values of r and d, however, cannot h'i 
directly measured on sufch a solid. Tilioy may. 


2r 2 

2 h \ 


2 r. 


however, be expressed in terms of the radii 
of the two circular faces, which are easily 
measured. Thus 

tl Ah ! 

and ’ r* r* I- [d 1 h)-, 

where r, radius of larger circular face 
and r., - radius of smaller circular face. 

(x.) Anchor liitvj , i.c. the solid traced on^by 
the rotation of a circle (of radius */, say) about 
an axis in the plane of the 'jirclc and distant b, 
say, from its centre, b being greater than a. 

Volume 27 T‘u-h. 

(xi.) Spheroids. — A prolate spheroid is the 
solid traced by the rotation of an ellipse 
about its major axis. Its volume is given * 
by the expression 

3 TTIll/ 1 , * 

where 2a length of major dftuncter 

and 2 b length of minor diameter. j 

An oblate spheroid is the solid tracer? hy 
the rotation 4>f an ellipse about its minor . 
axis, and its volume is given » 

\irha‘ l . * 

(xii.) Paraboloid.— l%e volume of tTie portion 
of a. paraboloid ineludeu*bctwoefl the apex And 
a circular cross-section <ff radius r and distant 
h from the apex is 

•]rrr 2 /o 

(xiii.) Cask,— ^winning that the stave* are 
ben| W t,lC f,,rn V of an arc ^ ft P aral)o1a t,ie 
capacity is given by § 

*' l J s V/i(8R J +4Rio3r 2 ),« ' 


where h -depth of cask, , 

K radiufc of celtrt^l cross-section, • 
r - radius of ends, m 

the measurements beinc all internal. 

Assumfng the cask to be tho«iniddic frustum 
of a prolate spheroid, 4he capacity is given by 
• 

*L[2B 2 -|H 2 ], 

I - • • 

wnere L - internal length of cask, * • 

B maximum internal diameter, • 

» H --»■ internal diameter at end. 

Solid of lierolttlion. —The volume of 
(Jje solid traced by the revolution "f any* 
plane figure about an axis In its plane, but 
not-interacting it, is rqual to file pro* °, f 
the area of the t^ure and the lenjjf iTof^path 
of its centre of giyvi^v, i.c. * • * 

, Volunie - 27rrA. » * 

where A r area of he figure 
and r distance <>f its centre of gravity 
* from the axis of rotation.* # 

$ ((>) (1a msi no ok Casks and Bakkkls.— 
The determination of the rapacity*of eisks 
ami barrels is of iiflpfntaneo in assessing 
daily <>n their contents, in stock - taking, 
etc. 

Ui gauging casks and barrels the ilft’ee 
dimensions sjiecilicd below are the basis on 
which the capacity is calculated : 

(id Bung diameter, i.c. the internal diameter 
of the cask at its maximum cross-sectkfh. 

(ii.) Head diameter, i.c. the internal diameter 
at the end. 

(iii.) Length, i.c. distance between the inside 
surfaces of the ends. 

T^e bung diameter is determined by means 
oj> a bung rod, which is 4<t inches long and 
has «u square eross-s*ction# Two opposite 
faces of the rod each carry inch scales, the 
zeros of which # eoinei<»e with the tip of the 
, rod, which is bevelled (see Fhj. HI), at this* 
rf*nd. Scales are also engraved on the other^ 
two faces of the bung rod. These will be re¬ 
ferred to later. »A rectal* slide, provided with 
a flange perpendicular ,to the length of the 
rod, is movable from end to ,cnd of the rod. 
To measure the bung ilia meter the cask is 
first tijed by means of wedges so that, it lies 
with its axis horizontal and with the hung at 
the highest point of the cask. The bung rod 
is inserted vertically through the bung until 
it touches the opposite side of the cask. The 
gietfll flange is then pushed gently down* 
until it touches the <yitsidt* <4 the cask jt 
the bung. The rod is then withdrawn, care 
being taken mil. to move the metal slide, 
and the internal diameter read off on one of 
the inch-scales by noting the position of the 
slide. Lines are engraved on the slide below 
the flange, enabling an allowance to bo made 
for tlie thickness of the sjave at yie bung. • 
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The diameter <>£ the widest portion of the 
east?is also measured inti direction perpundieu- 
lar to that given by the bung rod. This is 
effected by means of cross calli])ers, which are 
shotvn diagranfinatieally in Fig. *10. The 



central portion (*is composed of two wooden 
rods.^whieh can be moved relativity to each 
othi> >aiTll^so vary the distance between the 
arms k and B. The arms re, brought into 
contact w itfi the sides of the cask at opposite 
cnTis'of the diameter fc> be ‘measured, the 
length of which is then read off on tli* 1 central 
portion (', allowance again being made for 
the thickness "f the staves. J 

The head diameter is measured bv means 
of a " he«td md/' which consists of two wooden 
rods, 44 inches long? joined together at the 
ends in such a way as to le.^ve a space between 
the two rods in which a third rod can slide 
backwards and forwards. The sliding rod 


1 R are brought into contact w'ith the ends of 
the ea$k and their distance apart is then read 
off on the central pt)rt|.m (’. An allowance 
*or the thickness of the end staves must lie 
# made. | 

# ^variety of callipers of special design are 
used for measuring the thifkness of end and 
longitudinal staves. 

• To compute the capacity from the observed 
measurements u^ is made of the head rod, 
which is constructed to serve as a calculating 
rifle as w^ll as for measuring head diameters. 

The standard shape for a cask is taken to 
; be the central frustum ijf a prolate spheroid, 
the capacity of which is given by 

. * . . •' 

j where 13 — bung diameter, 

H head diameter, 

L = length. 


H \ 

then I) is the diameter of the cylinder of 
length L, which has the same capacity as the 
cask. 


carries a vertical brass cock, and a second 
brass cock is fixed to the end of the head roil. 

The method of using the head rod is sljown 
in Fig* 11. The fixed brass cock is inserted 



Fig* ll. 


# into the angle formed by the head of the cask^ 
and the projecting rim. The movable cock 
is adjusted until it is vj^nosifri to the middle 
of the projecting rim, the head rod lying 
across a diameter of the end of the cask. 
The distance A'B' is read off on an inch- 
scale engraved on the head rod, and is for all 
practical purposes equal to the true internal 
diameter A B. • 

The length is measured by means of “ long 
Callipers,” shown di»grainm^tieally in Fig. 12. 



The central portion (' is made of two pieces of 
wood which slide relatively to each other, thus 
Varying the #listance # AB. The points A and 


i The head iod with its central sliding portion 
is operated in the same way as an ordinary 
slide rule. The first step in the com¬ 
putation is to find ilie value iff the mean 
, diameter ]). 

On one side of the brass projection, which 
serfes as a zero mark, a scale is drawn on the 
^sliding portion of the head rod called the 
i “spheroidal line. '* The above zero mark is 
placed opposite the point on an inch-scale 
I engraved on one of the lixed sides of the rod, 
; which corresponds to the value found for the 
head diameter. The point on the spheroidal 
t line which is now opposite to the point on the 
inch-scale corresponding to the bung diameter 
is noted. This gives the value in inches to 
added to the head diameter to give the 
mean diameter ft . 1 The addition is effected 
by means of a second inch-scale engraved on 
the sliding portion, the ze.o of which is 
coincident with the point previously set on 
: the he*d dianniter. The number noted on 
j the spheroidal line opposite to the hung 
diameter is read off on the above scale of 
inches, r jfihe mark opnrsity? to this point on 
the* frat inch-Hale olndously gives the mean 
diameter. * 

Having obtained D the equivalent in gallons 
of tt/4x\)Hj remains to be computed. If 1) and 

* T&s procedure not stric^y accurate, us for 
any Riven differeneu between B and H it gives the 
same value to be added to IT Irrespective fi^*Hie 
absolute values of B and H. The spheroidal line, 
however, gives results which arc <|*iite sufficiently 
accurate for practical purposes. 9 
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L aro in inches the equivalent in gallons of The capacity of small easkf may he cheeked 
7r/4xD 2 L is » by mcaivt of the bung >od alone. A seal! is 

» 7 marked on the bung rod based on the principle 

( 18 . 7 <)) 2 * ) that the volumes of similar solid figures vary 

! as the ci*bes of their corresyowjing liufoai 
since a cylinder 1 inch long and 18-79 in.-hes “ dimensions. The scald applies only to casks 
diameter has a capacity of 1 gallon. The : 'of standard' shape. The rod is* 
evaluation of ,L) 2 L/( 18-79)* is quickly performed^ inserted as shown in Fig. 13, 
by means of logarithmic scales. One such scale $ and the scale read at t he centre 
on the slide is .numbered to coyer tilt* range of j of the bung on the level of the 
diameters usually met with, the spacing of I insid' 1 of be cask, 
the scale being propoitifthal to the logarithm 1 Tb^ scab- gives 
of the diameters. Adjacent, to this scale on direct .y the capacity 
the fixed portion of the hffad rod parallel to , of ^lic cask in gallons, 
that engraved with the inch-scale previously 


referred to,%js a scale numbered with the 
lengths usually met with, and spated propor¬ 
tionally to the logarithms of the lengths. The 
radius of this logarithmic scale is, hbwever, 
half that, employed for the logarithmic scale 
of diameters. With there two ^scales tlie 
capacity is found by placing 18-79 on the scale 
of mean diameters opposite to the value found 
for L on the lengt h scale, and then reading the 
mark on the length scale which is opposite 
to the observed value of I) on the scale of mean 
diameters. The value thus obtained on the 
length scale is the capacity of the cask in gallons. 

When casks vary from the. standard 
spheroidal shape, a suitable correction is 
applied to tlu* measured length of t he cask 
before carrying out the above calculation. 

The scales hitheito referred to are all on 
the front of the head rod. On the hack of 
the head rod are scab’s for computing the 
quantity of liquid, i.c. the “ullage,” in*a 
partially tilled cask. 

A detailed description off these and their 
manipulation would occupy too much space, 
but the underlying theory may be briefly 
indicated. 

The depth of liquid in a cask when il is lying 
horizontal with the bung at the highest point 
is referred to as the “ wet inches ” in the cask. 

For casks of standard shape the ratio oi 
the bung diameter to the “ wet inches ” will* 
bear the same relation as the lfttio of the total 
capacity to the ullage, irrespective of the size 
of the cask. # 

If the ullages corresponding to various 
ratios of bung diagnotor to ’•et inches for 
a cask of known total capacity* say 1(M) 
gallons, arc determined, then the data obtained 
form a basis on which trfie ullage of any other 
cask of known total cajJheity iffav easily foe 
calculated from meusurdfnents of the bung 
diameter and the “ wet. inches.” 

The scales on th^ hack of the head rod 
include one based on the ullages of a 100-giJlon 
cask, and in conjunction with the other scales 
ullagtatfor casks*of varying* total capacity 
may lie computed from the measurements 
their bung diunfctcr and their “ weUinches.” 



'/lie fourth face of 
the bung l-fid bears 
a scale which giv£s 
the capacity, iq gal¬ 
lons, of cylinders. 1 

inch in depth. 'The • I To. 13. # ^ 

mark on #this seal i 

corresponding to, say, 20 inches on ( v ithei 
of the inch-scales gives the volume in pilous 
of the liquid contained in a cylinder of the 
diameter when tilled to a depth of oftc inch 
The total capacity of the ^cylinder is ohtainet 
by multiplying this yalue by the length of the 
cylinder in inches. * 

§ (7) EKAViMi.TKie Determinations mi 
Capacity. (i.) /»’// .1 leans of Water. A con 
venient and accurate method of obtainim 
the capacity of a vessel is to determine tin 
weight in air of its water content. Froifl tbit 
I determination tlic volume of the vessel ma\ 
be (ibtained as follows; taking as an example 
; the ease of a glass vessel calibrated in ternc 
*of the cubic centimetre. 

Let Mgms.-Apparent eighty in air of water 
* i.c. mass in me no of the weight!- 

* # whieli aifo i” ilpiilibrium witl 

the water. 1 

A gins./ml. — density of weights used, 
s gms./ml. -density of air at time of weighing 
• T° C. - standard temperature of tin 
, vessel,- 

\' c.c. - capacity ^vessel at T" t 

a - coetlieient of#cubical expansion o' 
glass per “(k, .» 

K — conversion factor ml. to c.c. 
I « i.c. 1 ml. — K o.c. % - 

t° C. temperature of water (assumet 
aliffi to be the temperature o: 
the containing vessel), 
p gm^./ml. "• density of watfr at t° C. 

i Weights arc adjusted to have a mass equal t< 
the nominal value niarkeiL on tINoi*. lienee tin 
mass in rnmo of any wciglit (assuming it, to he ae 
adjusted) is simply 


eurately adjusted) is simply the nominal vahn 
marked on it. 0 

8 The standard temperature of a vessel is tin 
temperature at which it is intended to he usee 
and for which its capacity is adjusted. At ot.hc 
tomiwratures the capacity will, of course, differ fron 
that at. its standard temperature, mving to tin 

* thermal expansion of the* material of which tin 

* vessel is ma^o. m * 
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Then from equilibrium existing at time of 
weighing we have « # # 


K , -A)=R v < 1+a(, - T) ^-' ) - 


( 1 ) 


It is often necessary # to cheek the accuracy 1 
of graduation of volumetric apparatus to a* 
•degrt** of accuracy which involves using the j* 
above relation without introducing approxi¬ 
mate yatues. The time involved by such 
• calculations is so great when many tests 
have to be carried out that it is, convenient 
to have tables to facilitate ti»e work. , 


for any given value "of V, the only variables 
on tfl'e right of (2) are t, p, and <r. If wc 
further assume tin ft 4'I weighings are made 
in air under the following standard conditions, 
viz. temperature - 15° (’., barometric height 
mm. of mercury at 0° (!. at sca-lcvcl in 
latitude 45° ( ij -- 980-62), h timidity — two-thirds 
saturation, and CO., content0-04 per cent 
by volume, then the variables reduce to t 
and p. 4 « 

Denoting the values of C for the abwve 

standard conditions of the air by 0„^ 

J 700 nun. 


fft'UII.K A 



• 

j -o. 

« - 

• 

•1 

u 

•_ 

» r 

U.CKS OF 

•3. 

C in Milligrammes 

- « 

•4. j -5. ; 

« 

— 

« 

•8. 

t 

* 1 


! 1308 

l.'tti? 

W«17 

1300 

1300 

1305 

1305 

1305 

1305 

1300 ! 

0 

1300 

1.107 

1307* 

1308 

1300 j 

1371 

1372 

1373 

1375 

1377 


1370 

1381 

1383 

* 1385 

I :tss 

l.-ini * 

1303 

1300 

1300 

1403 

8 

1400 

1400 

1413 

MI7. 

1421 , 

1425 

1420 

1433 

1438 

1443 

<>• 

j 1447 

1 1.72 

1457 


1408 

1473 

1 17',) 

148 4 

1400 

1400 

10 

i.:»o2 

1500 

1515 


1528 

1535 

1542 

1540 

1550 

1504 

ii • 

1771 

1.770 

1587 

1505 

1003 ' 

101 1 

1010 

1028 

1030 

1045 

12 

ltir.4 

•i«t« 

1072 

IliHI 

10.00 

17< 10 

1700 

1710 

1720 

1730 

13 

i 1710 

17.70 

. 1700 

1771k 

1700 

1S(H) 

181 1 

1822 

1833 

18 44 

14 

18.7.7 

■ 18(17 

*■ 1S7S 

1800 

1001 

1013 

1025 

1037 

1040 

1002 

•. 15 

1074 

1087 

1000 


2025 

2038 

2051 

2UtU 

- , " 77 

2001 

10 

2104 

2118 

2132 

2140 

210.0 

2174 

2188 

2202 

2217 

2231 

17 

224(1 

2201 

2270 

2201 

2300 

2321 

2330 

2352 

2307 

2383 

IS 

i 2300 

2414 

2430 

2447 

2403 j 

2470 

2100 

2512 

2520 

2545 

u* 

, 2.7(12 

2570 

2.700 

20 f 4 

2031 i 

2048 

2000 

2083 

2701 

2710 

20 

! 2737 

2755 

2773 

2701 

2810 

2828 

2817 " 2805 

2881 

2003 

21 

2022 

20 41 

2000 

2080 

2000 

30 IS 

3038 

3058 

3(>7H 

3008 

•>■> 

: 3118 

.31.38 

; 3158 

3178 

3100 

3210 

3240 

3201 

3281 

3302 

23 

3323 

3311 

3300 

3387 

.! HIM* 

3430 ! 

3152 

3473 

3405 

3517 

24 

.V,:w 

3501 

3584 

3000 

#.028 

3051 

3073 

3000 

3710 

3742 

•>- 

37 (.1; * 

3788 

3811 

:i*V 

3858 i 

3SS1 

:tm* 

3020 

3053 

3070 

20 

1 40(H)* 

4024 

gift!) 

j 4073 9 

4007 i 

4122 

•ii it; 

4171 

4|00 

4220 

27 

4 ~ %' 

. 4100 

V-’ 7 " 

4205 

4.^' 1 

4340 

437 1 

4307 

4422 

4448 

4474 

28 

• 4.725 


4577 

4004 ' 

4030 

4( >;.( J 

4083 

4700 

47.30 

20 

; 4703 

4700 

4817 

4844 

187 1 

4808 

4025 

4053 

4080 

5008 

30 

503.7 

5003 

•5001 

5118 

5140 

5175 

5203 

5231 

5250 

5288 


Convenient tables may be obtained as and the density of the air under the same 
follows. In the cA«e*<gf vessels graduaterl in # conditions by <r„ wc have 
terms of cubic centimetres the value of M will j 

always be mmjerically not vciy different from • (j ' —V|1 • fa , (3) 

V. \Ve may therefore conveniently write lOOmm. K(A -<r,) J 


• M l ( 1 = V, . 

where 0 is a small correction to be added 
to the observed weight in gms. to give the 
volume of the vessej in c.c. From (1) we have : j 

V[l rull ~ ')*](/>- ' 

, V* 

an<l hence % 

'■.Kr' w ) ■• 

The usual value for T° (*. in this country j 
is 15° and the variation in A with tempem- j 
ture is negligible. Hftnce, assuming T = 15° C. 4 


From this relation we can tabulate values of 

t- 1 ’ * fur various values of /. 

7<>o mm. * 

Table Alias been constructed on this basis, and for 
nyny purpose^yt is alog^suiKeient, as tbe additional 
coneclion mpiiml owjpg to the air not being under 
standard conditions at the time of weighing is com¬ 
paratively small. 

The following values wenj used in calculating the 
tables : 

V--KXX) r.c., i.e. tbe tables *oppIy to vessels of 
nominal capacity 1000 1‘.e., and wfR*|*uscd 
• for vessels of other capacities proportional 
valoos must be taken. • 
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K —1-000027 (Tran, cl Mtmi., 1010. t. xiv). i conditions at the time of weighing. From (2) and 


a-0 000020 per 



• 


(3) !"■ 

lave 

b . 


« 

4 



• 

p— values taken 

from ybh given by P. 

(%* ppuia 

<• - v[ 

_ 1 ^7 a U-M5)K/>-a)A 




(Z'rav. ct Mem., 1907, t. xiii.). 


i 

l- 


K(A - 

< j > J 




o - , —0-0012201 (from Table IV., 



. 


« 


vjY" 


- !*)](/’- 


A =8-3 

gins./ml. 

(A mean value obtained ii 





L- 

K(A~ a,) 

J’ 

routine testing of large 

numbers 

of 

■"-i 


VII ; ((/ 

I7i)]A(A- 

-,o 

• 


weights at the National Physical Laboratory.) 

is. 

r-- — 

K (A 

0\)(A- it) 

•f - iT s |, 

• 



• 1 V 

- 


« 







Further, the values of <! , 

' gi». 

n by (2) 

ami since |<r - 

«r,| is 

mall we may 

use “ijiyroximato 




•HID. 



values 

for * 1 e 

i-rnw outside the 

lira 

Let, and 

we thu# 

llave b 

-ell multiplied bf* 1000, so the# 

Table 

get for 

V- ^100 





gives for various 

water tempi .atures the 

weig 

lit in 




8K0| a - a. 

. ■ 


* (4) 



• 

• 



Taju.e *• 




• 


* 

• 

• 


• CoilKKi TH»N 

• o Stanoakd 

Pi:.*s 

mm: 

• 

• 


m 

- 0 _ 

Temp. 

780 

725 1 740 

7 1.-, 7 

50 

755 

Too 

705 


77; 7 

so 

7?Y 


'• 

mm. 

mm mm. 

mm. n 

l" 1 ’ 

mm. 

mm. 

mm. 

mm.* 

linn. mm. 

• Mil. 

n#i). 









• 

• 



• » 

5 

- 2 

i 4 12 

; 10 

20 

•i 21 

! 41 

: 48 • 

: 5(1 

1 02 

70 

! 78 

•1 84 

0 

- 7 

0 1 *s 

15* 

22 

: 20 

; 87 

i*14 

51 

1 50 , : 

00 

72 

; SI 

7 

11 

— 4 4 

II : 

IS 

1 25 

• 22 

10 

• 47 

; 55 ■: 

02 

00 

! 70 

8 

- 15 

S - 1 

1 7 

it 

21 

; *o 

1-20 

12 

. 5( l 

58 

: 05 * 

• i 72 

0 

10 

12 5 

t 2 

lo 

17 

! 24 

; 22 

: 20 

. ii; . 

58 

01 

•• 08 

i 10 

- 28 

Hi - 0 

1 

ii 

12 

! 20 

r 28 

■ 85 

• 42 ' 

40 

• 50* 

i 04 

11 

- 27 

20 ‘ 12 

- 5 . 

2 

■ 0 

Hi 

: 22 

21 

: .78 • 

45 

; 52 

■i 59 

1 12 

21 

24 . 17 

0 

2 

1 f> 

i Ii' 

: 10 

• 2li 

• : 

41 

: -IS 

-f 55 

i:i 

- 25 

-28 : -21 

- 12 

li 

i 1 

! 8 

! 15 

; 22 

27 

: 44 

! 51 

i 11 

- 20 

22 24 

17 

lo 

- 2 

. f 1 

r. 

, 11 

• Is 

: 25i t 

22 

: ■! 40 

-t 4# 

15 

42 

25 , -28 

21 

11 

- 7 

! 7 

1 1 

■ 21 

28 

• 25 

r 42 

10 

- 40 

20 i -22 

- 25 

18 

11 

- 4 

2 

lo 

17 

24 

: 21 

1 28 

17 

50 

42 ! 20 

20 

22 

15 

! - K 

1 

i o 

12 

20 

: 27 

24 

l 18’ 

- 54 

IT - 40 

- 22 

2( i 

10 

12« 

... f, 

! 2 

- 0 ; 

10 

: -t 22 

. ; 20 

1 111 

-- 58 

..1 II 

27 

20 

22 

Hi 

- o 

- 2 

: 5 

12 

10 

-J 20 

: 20 

- 02 

55 - 48 

41 

84 

27 

20 

12 

0 

i- 1 

s 

• 15 

r 22 

• 21 

<;i; 

50 52 

15 

28 

21 

21 

- 17 

- 10 

- 2 

1 

•j 11 

i 18 

! 22 

70 

- r.2 5i i 

40 - 

42 

• 25 

i ' 2s 

21 

14 

- 7 

0 

! | 7 

; 14 

| 22 

- 72 

00 . - no 

52 : 

Hi 

20 

# 82 

25 

is 

11 

4 

* 2 

10 

| 21 

- 77 

-To 

- 57 ; 

50 

42 

; 20 

20 

22 

- 15 - 

s 

- 1 

-1 5 


81 

1 71 . -07 

no j 

51 

17 


22 

• 20 

10 - 

• 2 

0 

1 

20 

- 8ft 

1 78 71 

-i;i 

58 

-51 

u i 

- 27 

- 20 


>i 

; - 10 


27 

- 8!) 

1 Si* ! - 75 

08 ! 

Ii 1 

- .55 

18 

41 

-ft 21 

- 27 • 

21 

. - J 1 

- 7 

28 

- 02 

: -80 ; • 70 

- 72 : • 

05 

- 50 

- 52 

- 45 

28 

- 8Is, - 

25 

IS 

11 

20 

00 

-00 ; - 82 

■ TO i - 

00 

- 02 

-50 

- 10 

4# 

-25 ; 

20 

22 

15 

80 

- loo 

: 05 I -87 

- so ! 

72 

- 00 

• 00 

52 

- 40 

-40 

28 

- 20 

19 


milligram men to he added to the observed wt:ght 
gms.. as obtained by weighings against brass heights 
in air, o! the water content of the vessel, to gi\e 
the. capacity of the vessel in i.ibie centimetre* at 
1 ;VC. • 

As stated previously, tin- values which are given 
in Table A assume that the weighings were ttiade in 
air under the standard conditions *p(#itied. Such 
eonditions will only rarely be accurately realised 
in practice, and wly-n •the highest accuracy is 
desired the variation in a iiNlensi lychnis t be talM-n 
into account. 

Let. us write 


C cii' +c. 

TOO mm. 


Th(>n # is a smaji correction#to be added to 

(> **• to give the correct value for the «ir 
TOO mm. c A 


In calculating c t# >m LI# the various values of 
,r were obtained from Tame IV., p. 128. is. the air ia 
assumed to eontam (MM percent by volume of t'() a 
and to be two-thirds saturated. *The values of C 
have been tabulated in Table 11 for the various 
v.Hues »#i a corresponding to the air IrmpcfiiUircs 
and barometer readings given ill the table, the 
haronieter readings* being expressed in terms of 
mm. of mercury at 0 n (.'. at sealeu-l in latitude 45°, 
(r/ 080*02). 'The values of c j!iven by ( I) have heen 
multiplied hy I(KKX so, that the corrections given 
in* Tabic 1* are expressed # in th« s|UH‘ units, viz, 
milligrammes, as the values in Table A. 

(ii.) Example I’se of Table .s- .1 and B .— 
Suppose that the appniTnt weight in nir <>f the 
water contained in a 1000 c.e. llask was found 
to be 097-705 gins., (lie wafer being at the 
temperature 17-5" tin* air at 18° (’., and the 


vol. in 
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barometer reading (corrected to standard con¬ 
ditions) 745 mm. 

Under the temperature 17*/»° 0. in Table A 
we find the value 2321, and opposite 18° ('. 
and under 745 mm. in Table B the value -33. 

lienee the capacity pf the flask in e.c. at 
15° C. is ‘ v 

0 997 705 + 2 321 - 0 033, i.e. 999-993 c.o. 

(ui.) By Means of Mercury .—iiie use of 
mcrcur/ is particularly suitable for the 
determination of small capacities, ejj. in the 
case of gas burettes which are often furnish xl 


whence <r(^ - I) = 0-0000r,7, 

, . ,, ,, 0''00994:S 

and hence V=Mx — . * 

P 

Values of 0-999943/p have boon tabulated for each 
'■1° C. from 5° to 30-9° (’. in Table the values of 
/.» being taken from Table II., n. 131. 

Henee to obtain the volume* in c.o. of an}' weighed 
quantity ot meremy its observed weight in air must 
be multiplied by the tigure given in Table ( ' under the 
observed temperature of the mereury. 


U’AtiLE C 


r- . <>. i. 

•2 

'•3. 

•4. 



•7. 

»■ 

•9. 

5 

■(►73018- | 0730190 

•(,730-09 

•0730222 ' 

0730235 

0730249 

•0730202 

0730275 

•0730289 

•0730302 

0 

315 : 329 

342 

350 ' 

309 

382 

390 

409 

422 

435 

7 

1 449, 402 

475 

490 , 

502 

510 

529 

542 

550 

509 

8 

582 : 590 

0 U<) 

22 : 

030 

049 

003 

070 

090 

703 

! 0 

7 Hi 7:tll 

743 

757 . 

770 

783 

797 

810 

823 

830 

; 

850 801 

877 

890 ' 

i 903 

917 

930 

913 

957 

970 

hi 

984 997 

0737010 

■0737021 

•0737037 

0737050 

■0737001 

•0737077 

0737091 

•07371(14 

I 12 

-073“117 0737131 

144 

157 ' 

170 

184 

198 

211 

224 

237 

13 

251 2iiO 

.. 278 

291 

304 

317 

331 

341 

357 

370 

! 14 

384 398 

411 

424 

437 

451 

•105 

•178 

491 

501 

! 15 

518 531 

• 545 

558 

571 

585 

598 

Oil 

025 

038 

■ Hi 

052 005 

078 

091 

705 

718 

732 

745 

758 


1 17 

785 799 

S12 

825 

838 

852 

80(5' 

879 

892 

905 

1 18 

919 933 

910 

959 

972 

980 

•0738000 

•0738013 

•0738020 

0738(130 

i 19 

•0738053 0738000 

•0738O8O 

-0738093 

■07381(M J 

0738119 

133 , 

110 

loo 

173 

j 20 

180 200 

213 

220 

240 

253 

207 

280 

J‘X\ 

.»iM* 

'21 

320 331 

347 

30o 

373 

387 

401 

411 

427 

44,, 

! 22 

454 407 

481 

494 

508 

521 

531 

547 

501 

574 

23 

588 001 

014 

02 k ; 

011 

054 

008 

081 

095 

708 

-> 

721 735 

748 

701 

775 

788 

802 

815 

828 

842 

25 

855 " SO 8 

8 X2 

895 

9y9 

922 

935 

949 

90g 

975 

M 

989 0739002 

0739010 

•0739029. 

0739012 

•0739050 

•0739009 

0739082 

•0739090 

•0739109 

27 

•0739123 .. 130 

150 

103 

170 

189 

203 

210 

230 

213 

28 

257 270 

283 

297 

310 

323 

337 

350 

‘204 

377 

29 

391 J 04 

417 

430 

411 

457 

471 

484 

498 

511 

.-in 

525; 538„ 

551 

504 

578 

591 

005 , 

018 

032 

045 

. 


with a graduated tube of narrow bore divided 
to 1/I00ths e.c. 


Let M gms. --.apparent?' cigl/1 of mercury in air, 
A gins./e.c. -density of weights used, 
a gms./e.c. density of air, 

t° C. -temperature of mercury, 

V - volume of mercury at t° (J. 


^Then 

< 

or 


r tf'r-G-i)} 


The term <x( 1/A — 1 Ip) is so small that we may 
use the following average values: 

a-- 0-00122 gms. per c.c., 


A — 8-3 gms. per c.c., 
p~ 13*56 gms. per c.c.. 


By the use of 'Table (J the volume of the 
mercury at the temperature of the observa¬ 
tions is obtained. This is equal to the capacity 
of the glass vessel at the same temperature, 
assuming that precaul ions were taken to have 
the mereury and the vrsy 4, whoso capacity 
was to he determined, at the same tempera¬ 
ture. * 11 

It is more convenient, however, to know the 
capacity of the glass vessel at some standard 
temperature, and since 15° (■. is-perhaps the 
m;*st widely used s'ahdnfrd temperature for 
volumetric apparatus the following table of 
corrections 1ms been drawn up. The table 
I) gives in ^fjths of a c.c. the correction 
to be added to the determined capacity of a 
vessel at any of the tabulated temperatures 
in order to obt.rin its capacity at 15° , /The 
table is for a vessel of nominal capacity KHX) e.c. 
at 15° 0., find is based on a cubical coefficient 
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of expansion of glass ot 0000026 e.c. per e.c. 
per 0 0.: 


Ta*le 1) 


Temp. 

" o. . 

Correction 

Temp. 

cAivrpon 

(i.-A,ftt)w e.c.). 

• 

' f. 

(l fiuutlli <L< 0 j 

5 

H-2G0 

18 

- 78 

G 

4 234 • 

111 

- 104 

7 

1 208 

• 

* 130 

S 

-1 182 

2 , 

- 156 

9 

t 156 

h 22 

• 182 

10 

i no 

2 .i 

- 208 

11 

1 104 


-231 

12 

+ 78 * 

2 f> . 

- 2 G 0 

i: { * 

, + r» 2 

■y> 

-286 « 

14 

• | 20 

27 

• -:»2 

15 

0 

28 

- 338 

10 

- a; 

29 

-^04 
- 300 

17 

- M 

:m 

j. 


Table I*’ is a similar table for temperatures 
expressed in degrees on the Fahrenheit scale. 

Table, K 


shown diagramrnatically ip Fig. It. The 
volumes of tho«appui4,tu£ between the, two 
marks A and B must, be accurately known. 
The receiver It is put in communication with 
the atunftphero by means of «the«tap T,^nd 
by raising the tube Otlie mercury surface in 
AB is brought accurately to* ^ • 

the mark A. Then T is closed 
a?:d t! lowered until the liquid 
surface falls to B, and the differ¬ 
ence. in J. ight, ]> say, of the. 
m%r ury Surfaces in AB and 
(■ roupt etivel\* * is accurately 
measured. The tap is next 
•opened, and the solid whose 
volume is ^quire^is introduced 
into IT, (’ is adjusted until tin* 
merctfrv surfare is <*iee more 
at A, and the tap'is then closed 
and the samy proeedurt; followed 
as before. It may readily be 
shuwn that the required volume 
V <tf the solid is given by 


Temp. 

Correction 

Temp. 

Correction 

K. 

(months e.c.). 

I-'. 

(i.Mi.pths e.e. 

40 

-1 274 

65 

- .87 

41 

- 1-200 

00 

- 101 

.hi 

! 216 

67 

• 116 

43 

1 231 

68 

- 130 

44 

H 217 

no 

lit 

45 

i 202 

70 

- 150 

46 

H-188 

71 

- 173 

47 

-1 173 

72 

- 188 

48 

■! 150 

73 

-202 

40 

I 144 

! 74* 

-217 

50 

| 130 

75 

- 231 

51 

% 116 

| 76 

- 246 

52 

i 101 

i 77 

- 200 

53 

+ 87 

i 78 

- 274 

54 

| 72 

1 79 

- 280 

55 

H- 58 

KO 

303 

5G 

-I- 43 

HI 

-318 

57 

+ ^0 

S 2 

332 

58 

! 14 

1 83 

-347. 

50 

0 

84 

-361 

GO 

- 14 

! 85 

- 376 

61 

- 20 

86 

« - 300 

G 2 

- 43 

i 87 

404 

63 

- 58 * 

! 88 

<1 -41U 

64 

- 72 

80 

433 

65 

- 87 

00 

! -448 


B 


fB V 
K /' 


n-py 

v ■ f 


Tlu! tallies I) anil K ?>my tic used also m 
ciinjunclitin with tallies *A ami It to obtain 
the capacity of a vessel whose capaci.y at 
ld° C. lias been obtained by means of tables 

A and B. * 

§ (8) Disri.AOuf nsT Methods of dctbk- 
tnsiyVni.i'iiis.' A method of determining 
(he volume of solid bodies, which is sometimJs 
convenient, Is *iiy means of the Apparatus 


win Ac It is tile liaritneter read- 
jug during the first, operation, 

IT during the second, ]> and // I’m. 11. 
tiic two observed differences in 
the heights of the mercury surfaces, and ?• the 
volume of the apparatus between the nqjrks A 
and B. 

The method is useful for determining the 
volume c.fihe solid portion of porous substances, 
but to obtain completely reliably results it. is 
••necessary that all the cavities in the substance 
! shonVl b«' in # oommunieatimi with its sur- 
j fact k . /Vs this*is hardly likely to be perfectly 
! achieved, the insults obftdtc'd^>v this method 
should be interpreted with caution. 

A more generally useful way of determining 
4he volume of a solid is by determining its 
height in air and also in water, and in passing 
it may be noted that all methods of deter¬ 
mining the density nfl-f.li.r bodies (g.r.) serve 
also to determine their volume, provided that 
their mass is known, • 

A simple displacement method has been 
fnfnd useful at tlu* National Physical Labora¬ 
tory for testing butyrometers. From our 
present point of View the essential part of 
a butyrometer is a narrow - bore tube of 
capacity about 1 rtc., and # graduatod usually 
iqjo *) equal parts l>f volume. The butyro- 
meters are filled to the lowest. L^a^uation mark* 
with a .TO .per cent alcohol - water mixture. 
Then a brass cylinder equal in volume to one- 
fifth the nominal total capacity of the* graduated 
portion of the butyrometer is dropped into 
the instrument. The new position of the 
liquid surface on the scyle is noted, a second 
* cylinder i» then added, atad so oif, until the 
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liquid .surface has occupied successive positions 
aiofig the whole of thc( graduated scalp. The 
volume of tlq> cylinders being known, and the 
readings of the successive positions of the 
liqhid surface Jut, vi tig been noted, the errors 
in graduation are at onw obtained. 

0 The methrtd is very quick, but. demands 
considerable care in manipulation and extreme 
accuracy of manufacture of the cylinders. 

§ (9) Vou'Mr/run: Clakswake. Very large 
, quantities of volumetric glassware are used 
in chemical and physical laboratories in con¬ 
nection with industrial work,'and in technical 
f and educational institutions. It is important 
that such apparatus should bo t of reliable 
a<¥** .’’apy. In order hat^ apparatus whose 
ae^«*t'r ,’.. 1 ^ been tested might be available 
to risers, qtid also to foster and maintain a 
reliable standard of output on the part of 
manufacturers, arrangements have been made 
in several countries for testing volumetric 
glassware. 

The 1 National Physical Laboratory 1 at 
Toddingtou has carried out such tests on a 
small scale for the past fifteen \ears, and 
recently a new building, specially equipped 
for dealing with such le;ps on a large scale, 
has been built at the laboratory. Similar 
tests are also carried out at the Burean of 
Standards, Washington, and at the 1’eiehs- 
anstah, (’liarlotteiduirg, and its associated 
institutions. , 

The details given below are mainly ba’cd 
on work carried out at one or other of the 
above institutions. The tolerances given, 
except wheiy otherwise stated, are those in 
force at the National Physical Laboratory,# 
as being the ones applicable to apparatus 
tested in this country. The Cla*ss A tolerarr es 
oil capacity do not differ materjally from those 
of the Bureau of Mandards or of the Keichs- 
anstalt. The Class B tolepmees are some- ; 
what less stringent, being intended to represent 
simply the standard of accuracy below which 
the general output of apparatus for commer¬ 
cial use should not ft’\ The Class A limits, 
like the tolerances allowed by the Bureau of 
Standards and. the Reiehsanstalt, are, on the 
other hand, intended for precision apparatus. 

§(#’0) (Ienekal Considerations. (j ; ) 

!«//.—-In order to obtain reliable results with 
glass volumetric apparatus fither in testing or 
in use, especially in the ease of vessels used to 
deliver measured Ipiantif ifs of liquid, eleanli- : 
ness is essential. The ejiief sources of trouble 
■ are minute ffritecs of, grease, which are some¬ 
times very persistent and difficult to remove. * 
The conditions for obtaining consistent results 
# with apparatus usedf<fr delivery- e. 7 . burettes, ' 
etc.- -is that when the vessel is emptied its 
interior surface should remain wetted with a 
uniformly distributed film of liquid. 'flic 
liquid remaining op fhr inside wall^should not*j 


! collect together into drops or streaks. When 
: a vessel fulfils tliis condition it is regarded as 
| clean. * ^ 

1 ; A good criterion by which to judge the 
i cleanliness of a burette or pipette is obtained 
i bv filling it slowly with water through the 
j delivery jet, the vessel being held vertical. If 
| the vessel is clean the water meniscus will rise 
l in the tube without any change of shape. 

Should the rising meniscus come into contact 
| with a slightly greasy portion of the vessel it 
knmedia.ely appears to crinkle up. Lint her, 
if the vessel is quite clean, a thin lilm of water 
may be seen travailing up the sides in front 
of the main waier surface. The front edge 
of c this film is clearly visible and hums an 
excellent indicator as to the cleanliness of the 
vessel. I 11 quite clean vessels the edge, of Iho 
lilm advances at the same rate as the water 
meniscus, kee ping a uniform distance in front 
of it. Nlio'dd the vessel he slightly dirty at 
any point the front edge of the film is retarded 
and the water meniscus overtakes if, and may 
in turn crinkle up when passing the con¬ 
taminated surface. A pipette or burette 
which fills up through the jet, so that the front 
edge of the film keeps in advance of the water 
meniscus throughout, may be relied upon to 
have a uniform film of liquid left on file walls 
wh('ii emptied. The advantage of knowing 
for certainty when filling a vessel that 
it may be emptied without fear of , nor 
due to irregular vet ling of the walls is 
obvious. 

Many methods of cleaning apparatus have 
b<Vn employed. If the apparatus is not 
wanted for immediate use a good way of 
cleaning it. is to tin the vessel with a previously 
prepared mixture, in equal parts by volume, 
of saturated potassium bichromate solution 
and concentrated sulphuric acid and leave it 
to stand for several hours. An alcoholic 
solution of caustic soda may be similarly 
employed. A freshly made solution of po¬ 
tassium permanganate in sulphuric acid acts 
'more quickly, and fuming sulphuric acid is 
sometimes used for rapid cleaning. A rapid 
and efficient method of cleaning is to shake up a 
little absolute,alcohol thoroughly in the vessel 
and then empty it out and allyw the vessel to 
draimfor a sh4rt time. Tfien, if a little strong 
nitric aoid«:s shaken up in the vessel and after¬ 
wards thoroughly washed out with water, the 
vessel will be quit* ejenn. Strong soap 
solutions alsL provibe an effective means of 
cleaning ami may ?>e used hot in obstinate 
eases. A good method of mechanical cleaning 
is to place a number of^small pieces of lilter- 
pajer in the vessel, partially fill it with water, 
and then shake vigorously.*-' 

If the vessel*' are to lie used for dettyry it 
it sufficient to rinse thoroughly with water 
after usii»g one or other of th£ above methods 
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of cleaning. If not required for immediate 
use after cleaning, the vessels shoflld be 
completely tilled wi§h Ivnter until wanted. 

If left tying about empty ami wet the. vessels* 
soon become contaminated. I 

Content vessels after being cleaned iempire . 
to be dried before testing. A very quiejj* 
method is to rinse out with alcohol and then 
with ether and dr# by means of an air-blast* I 
I’ure alcohol should be uset^ not Methylated | 
spirit. If duty has to,be paid on the alcohol. ! 
however, the cost is • • 

prohibitive where 
much cleaning has ty 
he done. In such 
eases acetone will be 
found an excellent 
substitute for the 
alcohol and ether. 

In the ease of 
vessels which are to 
be used with mercury 
trouble frequently 
arises if they are 
dried out by using 
the above liquids. 

The most satisfactory 
procedure is to clean 
the vessel and rinse 
it out.thoroughly with 
distilled water, and 
tliei) dry it by draw¬ 
ing a current of dry 
air through the ap¬ 
paratus. 

Vessels - e.g. gas 
burettes--which have 
been in use with 
mercury [or some 
time frequently de¬ 
velop black or dark 
coloured stains. These 
are very difficult to 
remove by the ordi¬ 
nary cleaning agents. 

They quickly dis¬ 
appear, however, 
under the action of 
hydrochloric acid, being reduced to metallic 
mercury, whifh (pn then bo readily dissolved 
in nitric acid. * • 

(ii.) Method of Reading. —The# almost uni¬ 
versally adopted convention in rending the 
position of a liquid •urface on a scale, or in 
setting a liquid surface on a graduation mWrk, 
is t<> read the lowest point, of the meniscus in 
the case of liquids such as water, ; ml the 
highest point of ainercury meniscus.' 

When a water, or similar meniscus, is ^owed 
in ordinary illiftnination— i.e. in daylight or 
artyfMial light •without usitig any screening 
device-the reflections and refractions wfcich 
occur at * 111 * liquid surface ami the gins** 



zinc dust, and dilute 


surfaces render the exact location of the lowest 
point yf tlie meniscus a matter of sfune 
dilliculty. * 

The following extremely simple dgvice is 
very effective in showing up # thy outline of 
the meniscus. A strip of opaque black paper, 
such as i$ used for wrapping* photographic: 
plates in, is folded round the glass tu4>e juift 
b"low the meniscus. The to}) edge of* the* 
strip is cut clean and straight, and should be 
pl-i.ed m *, more than 1 mm. below the bottouf 
• - of the meniscus. The 

}>aper should be so 
folded that the to}* 
edgPs of the two ends 
of the strip where 
they mcej, afte-#en¬ 
circling the firm; are 
exactly IT * hue. lhe 
strip can then bf !*bld 
in position by means 
of a detachable paper 
lli|L 

If the meniscus so 
shaded is* viewed 
^against a white back¬ 
ground the bottom of 
the meniscus appears 
quit** black and*its 
outline is very sharply 
defined against the 
white background. 

A piece of* black- 
rubber tubing, slit 
down one side and 
fitted round the glass 
tube, may be used to 
sene the same pur- 
pnSb as the strip of 
black paper. The 
is, however, 
a ay to nianipu- 

first pholo % 
reproduced in 
Vig. In, shows a water 
0 meniscus in a 100 e.c. 
})ipette viewed against a while background. 
The second photograph shows the same 
lieniscus shaded as described a la ivy. The 
Tli(Terence in clearness of the outline of the 
meniscus is <*ridont in the photographs, 
and is much more marked when viewing tli£ 
apparatus itself. « • « 

# 'flic above method of screening gives muclf 
more satisfactory results than tjfe more widqjy 
used methods of simply placing a white screen 
behind the meniscus, or a screen the top 
half of which is white and the bottom half* 
block. 

further, in the ease of apparatus- -e.g. some 
burettes on which the graduation marks are 
engrave J on the front- of |he instilment only—* 
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the paper screen serves a double purpose. By 
placing the eye so thaf t he t<»p edge*, of the 
strip on the front 'of the burette coincides 
with the top edge of the strip at the back of 
the*burette*,errors in reading due to parallax 
are practically eliminated. 

In the ease wf a mercury meniscus *\ he opaque 
screen ‘should he placed immediately above 
* the 'meniscus, which tis then viewed against a 
white background as before. 

* When using strongly coloured liquids, such 
as potassium permanganate solutions, it ^s 
difficult to set; the bottom Jf the meryseus 
•dearly, and readings are therefore made on th# 
top edge of the nfeniseus. , 

vSjXJI^Tkmpkkaturk Control. £.) In test¬ 
ing ^ jL caU/n tititm Volumetric (llunmrare .—No 
elaborate temperature gon^rol, is necessary, 
whether giavimetric or volumetric methods 
arc* deployed. '• ’ # 

The whole operation of testing a u\ssel, in¬ 
cluding tilling, adjusting, and weighing, can.be 
complvtid in a comparatively short tiifie. 
Henc e, if the test liquid - i.r. in general either 
water or fnereury—and the vessels to be tested 
or calibrated have fk'f-n in the same room 
long enough to attain approximately lvmi 
temperature, changes in temperature which 
mrfy take place during the test will «,be 
small and of negligible effect. With tallies 
such as those given previously the exact 
temperature at which the test is carried qut is 
immaterial. 

Similarly, when volumetric methods are used, 
it is only necessary to adopt the same jireeati- . 
tions. The fact that the working temperature , 
is different from the standard temperature of i 
the vessel of known capacity is compensated 
for by tire fact th&t the vessel to* be calibrated 
will have expanded l*r tht! same umouit as 
the standard vessel* This presumes of course 
that tlie standard vessel an<| the one to he , 
‘calibrated both have the same standard tern- 
, perature. / 

(ii.) In using Volumetric Olamimre, — If glass ! 
vessels are used at ' temperatures tither th.an j ( 
their standard temperature the following cor- j 
rectum table may be used. Suppose that a 
1000 e.e. flask correct at 15 C. is filled to the 
mark ,with water at one of the tabulat«ll 
temperatures, both water and flask being at 
the same temperature, then 'Pablo F gives j 
for various temperatures the correction which j 
* must be added to‘the observed volume of \ 
*1000 e.e. in order to obtain the actual j 
vplumc of thp.water \\hen cooled (or heatcff; I 

toir» y c. 

Conversely, by subtracting the corrections ! 
« from 1000 e.e., the volume, which must be ! 
measured at the tabulated temjierature in ; 
order to obtain 1000 e.e. at 15" C., is obtained, j 
For volumes other than JO00 e.e. proper- j 
•tionate corrections nyif be used. # 1 


A cubical expansion of glass of 0-000026 
per decree centigrade and Chappuis’ values for 
the expansion of watt-r fytvc been used in con¬ 
structing the table. 

f > Tahi.k l< 

t C _ 


0 c. 

•0. 


q 

- 0 805 ' 

- 0-1,08 

6 

-AmW8 

- 0-603 

7 

t -or,95.- 

- 0-583 

8 

- o r, os 

-0-549 

9 

-0-527 

- 0-501 

10 

- 0-472 f 

- 0-439 

11 

- ?)-403 

- 0-363 

■> 

-o :i20 

;<>-27f,’- 

1.1 

" *-0-220 

-0 174 

H 

-0 119 

0-061 

15 ’ 

0-000 

-\ 0-004 

10 

-t 0-130 

1 0-200 

17 

1 0 27- 

-1 0-347 

18 

4 0-425 

i 0-506 

19 

! 0-589 

4 0-675 

2U 

-f 0-764 

1 0-855 

21 

10 949 

-I J -O il* 

22 

! Mill 

1 1-248 

23 

+1 352 

-I 1-459 

21 

! 1 -569 

+ 1-681 

25 

+ 1-790 

1 1-913 

20 

-J 2 032 

-1 2 154 

27 

+ 2-278 

-1 2-405 

28 

1 2 534 

+ 2-666 

29 

+ 2-799 

12-931 

30 


+ 3-210 


'Plie above table may be used for dilute 
aq&eous solutions having approximately the 
same coeflicient of expansion as water. More 
accurate results why be obtained in the ease 
of the solutions stated below by increasing 
the numerical values of the corrections given 
above by the percentages stated in the follow¬ 
ing table : 1 



Normality 


Solution. 



! 

* 

1 x > 

N. 

N/2. 

I N/10. 

Nitric Acid 

50 

25 

6 

Sulphuric Acid *. ! 

45 : 

25 

5 

Caustic Soda .* . j 

40 j 

25 

5 

Caustic Potash . i 

. 0 » J 

40 , 1 

• 20 

4 


It will be seen that the corrections required 
amount t«*. between 0-0J per cent and 0-02 per 
cert of the totid volui*c pel- degree centigrade. 

In the case of ordinary volumetric analysis 
therefore, if the standard solutions are made 
up at temperatures within a degree or so of 
15° (■., the correction will for most purposes be 
negligible. It will generally be found more 
convenient to adjust the temperature {»f r tho 
seditions to approximately 15° C. when*pre- 
* 1 Circular No. 19, Bureau of StandtlTils, 1916. 
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paring standard solutions, rather than to apply 
corrections. • 

Further, if all the^sol.itions employed in a 
titratio* are given sufficient time to assunnt 
room temperature before titratiom then the 
necessity for applying corrections*s avoided* j 
since practically 4he •same percentage corroe-* 
tion would be required on each volume meas¬ 
ured and the net correction to the equivalency 
of the solutions would be ne.<jligibl(4 j 

So far as volumetric analysis is conoerntd, i 
therefore, only very ordinary precautions nt*d ] 
be taken as regards temperature control. 

§ (12) Measuring Flasks, (i.) (Construction ' 
and Tolerances. — Flasks slfould be made so j 
that 'they jvill stand (irmly tm a level ttble. | 
The Bureau of Standards also requires that the 
base must be of such a size that the llasks [ 
will stand on a plane inclined at IS 0 to the 
horizontal. 

The graduation mark* should Jic mafic by ; 
means of a line clean line permanently etched 
into the glass. The line should be carried 
completely round the neck of the flask, should 
lie in a plane perpendicular to the axis of the i 
neck, and should l»* horizontal when the Husk | 
is standing on a level table. The mark should 
be on the cylindrical portion of the neck, not j 
on the conical portion where the neck joins i 
the bulb, and also should not be too near the i 
top of (he neck. The Bureau of Standards | 
requires t hat the mark must not be nearer the ; 
ends of the cylindrical portion of the neck 
than speci lied below : 


Capacity. 

Distance from Distance flom 

I 

Upper Kml. 

* 

Lower Lnd. 

• ; 


cm. 

nil. 


1(H) c.c. or I»ss . 

3 

1 

1 

More than 100 c.c. . 



! 

The neck should 

>o cylindric; 

1 above the 


graduation mark and not show a marked j 
taper towards the top. The internal diarm 


of the neck at the mark should not exec 
the values given below. 1 % 9 


•I 


Capacity 

Diameter. ! 


Diameter. 

C.C. 

10 

* initi. | 

« 


mm. 

18 

25 

8 | 

ir.(K) * 

20 

GO 

10 | 

2000 

• 25 

100 

250 

12 . *| 
14 1 

3000 

4000 

30 

33 • 

GOO 

lti 

* 3000 



The nominal capacity of the flask and its 
standard temperature should be permanently 

»*j*r intermediate eapacitie* the value for the 
next? larger tabulated capacity is to be taken. This 
applies to all o^ier tables of tolerances unless ofher # - 
wisc stated. • • 


marked on it. The flask should also bo 
market} with the lettrp “ t’ ” or “ 1),” c* the 
words “ To Contain <ft “ To Deliver in 
order that the user may know at pace on 
which basis the flask has been^calibrated, t * * 

Flasks arc sometimes made with two gradua¬ 
tion marlA on the neck, so that when tilled to 
one mark they contain a definite volume, artd 
when Idled to the ol-hor and then emptied* 
they deliver the same volume. Id swell eases 
,:i letter “ (J * should be etched below th^ 
lywor lin»- and a letter 11 I) ” above the upper 
line 5 7’his mode of graduating should only be 
employed in cases where the distance between* 
tfie two lines is not less thait 1 mm. 

The tofcrances allowed on the earnedv uf 

flasks are: * m 

• mif' 

' 


10 

GO 

*100 

250 

•GOO 

10(H) 

1G00 

20(H) 

30(H) 

40(H) 

5000 


5j (1.3) Testing of Flasks, fl.) 0rarimetric¬ 
al hr —The gravimetric method of testing a 
t^isk graduated for content will be described 
in (4‘tail. as it servestas a *jood example of 
determining capacity of # vessel by means of 
weighing its water convent. 

The illustration {Fitj. lb) shows one of tlu* 

,balances used at the National Physical Lab^ 
oratory for testing flasks. The balance will 
carry a maximi*m l^afl uf 2000 gms. on each 
scale pan. The sensitivity may be varied and 
is usually adjusted so tnat a difference in the 
loads cm the two scale pans of 10 mgms. 
•reduces one whole scale division change in 
the position of the rest point. For this 
sensitivity the Udanee has a period of approxi¬ 
mately 20 seconds for one complete to-and- 
fro oscillation wjien loaded with 1000 gms. . 
on laeh side of the balance. Similar balance# 
hanging in maximum load fimy 3000 gms. to 
250 gms. are in regular use for testing volu¬ 
metric glassware, and balances of 10 kilo and 
50 kilo loads afo alp§ available for unusually* 
large capacities. * 

The illustration shows a 1000 c.c. flask on 
each scale pan, the one on the right hand pan 
being filled to the muYk # with waiter, and thi? 


- * 

'ftilvi'ii; 

• 


IVIrrwMW,* 

» 

For 


K..r 

F-.r 

Cuiilonl. 

Poll wry. 


C'niitrlit^ 

Ptlntry 


— 



9 

i 0 008 

00*1(1 

10 

002 , 

0 04 

j 0-015 

0-03 

• “ ,r > 

0*03 

0*(Hi 

0-03 

0-01* 

GO 

<)<>»> 

012 

0 05 

<>#10 , 

100 

0 10 

0-2 

008 

(ip; 

250 

0 15 

0 3 

(l 15 

0-30 

500 

0 25 

o-fl 

0 20 

0 10 

looo 

0 3 

0-ti 

0-25 

050 

15(H) 

0-4 

0-8 

0 33 

0-70 

20(H) 

(Hi 

1-2 

Of, 

1 0 

3000 

0-8 

• Hi 

0-8 

Hi 

4000 

12 

2 4 

10 

2 0 

5000 

15 

3 0 

_*___ 

__ 

_ 


_ 
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one on the left being empty. Above the to about. 1 mm. above‘the mark. The lowest 
cmjf'.y flask a kilogram yic weight mayjbe seen point ftf the water meniscus is then set on 
in the photograph.* This is Supported on a the graduation mark withdrawing water 
second platform, and with this arrangement through a glass tube of fine bore, the irteniseus 
it it, possible to accommodate a buJkv glass being shaded as described previously. 1 he 
vessel on the lower platform and brass weights Van^ully tided flask is returned to the lowei 
on the upper yne, and still have thf scale pan ‘{dattorm of the right - ha ni scale pan — 1 


1/ungini;. vertically from its supports. A wooden 
•shelf across the balance ease at the level of 
the upper jtlatform serves l«» prevent accidents 
fine to weights being dropped oh to the lower 
platform or floor of the balance ease#* r 

A piece of card is mountn^ on flic front 
fdass slide of the balance 
case, which is pieiVed with 
a hole placed centrally 
fror»l>TThy pointer scale. 

Readings on the pointer 
are # taken' 9 by looking 
thrfa^ih this hole and s*.> 
avoiding errors which 
might otherwise arise if 
the obscurer had no means 
of always bringing bis eye., 
into the* same position 
when taking readings*' * 

The procedure in testing 
a flask for content, is as 
folkws. The flask to he 
tested, having previously 
been cleaned and dried, is 
placed on the lower plat¬ 
form rtf ilie right hand 
scale pan of the balance. 

Then gramme weights 
from a standardised 
set of weights are 
placed on the upper 
platform of the .fame 
scale pan, the weights* 
taken being iiiinieib- 
ally equal to or slightly* 

•in excess of t he ea parity 

;,f the flask in c.e. A * 

similar flask is placed 1 ,(i 

on the lower platform «i 

of the left hand se^le pan and gramme ; 
weights are placed on the uj>per platform ; 
until the pointer of the balance swings | 
symmetrica 11 v about the /• to mark of tht. 
scale, the final adjustment being ma*de by* 
means of a rider with the balitnee ease closed. 
The weights used on the left-hand scale pan ; 
, fieed not he of a higlr degree # ,of accuracy, and , 
• hotild be distinctive in appearance fromMhe • 
standard woigljts*used on the other scale pan.*! 
\Y*hen the balance has been counterpoised as j 
just described the weights on the right-hand j 
, scale pan and the position <1 the rider are i 
ncfied. 

The weights are then removed from the | 



and 

."mall weights are added from the standard 
i ot until an exact balance isonee more attained, 
the final afljustnymt. being made by means of 
the rider as bef re. When this adjustment 
h*>s been Made the weights on the right-hand 
scale pan and the position of the rider are 
ligaiij noted. The air tem¬ 
perature is then read on 
a thermometer kept 
permanently inside the 
balance ease. The tem¬ 
perature of the water in 
the flask is then obtained 
Iry means of a second 
thermometer. 

It lias been found that 
with the precautions taken 
to obtain the distilled 
water at room temperature 
before use, the change in 
temperature which occurs 
during weighing is so small 
that if is quite, sufficient 
to take the temperature 
of the water immediately 
afc'er weighing, ail addi¬ 
tional reading before com¬ 
pletely filling the flask 
being unnecessary. 
The reading of the 
barometer completes, 
the observations neces¬ 
sary to obtain the 
capacity of the flask, 
and the following 
scheme of recording 
the observations will 
. 10. serve as a summary 

1 tot he whole procedure, 

the correction in "Milligrammes being obtained 
from Tables A and R. 

Nominal rapacity ir. c.e. at 'J” 

“ C ” or “ R ” 

Standard temperature, T° . 

Barometer reading in nun. of \ 
llg. ato;r. / 

Air temperature, ' . *. 

Water temperature, ° 

Weight, on right-hand scale | 
pans when flask is empty , 

(grammes) J 

Weight on right-hand scale') 
pans when flask contains •• 
water (grammes)* 



right-hand scale pan, and the flask to be tested j Weight in air of water con- \ 
4 b also removed and fillf-d with distilled water I * tamed in flirk (grammes) / 


10(H) 




lfi° c. 


759-9 

760-1 

« IH-7 

20 0 

18* 1 

19*9 

1001 •005 

i 

1010000 

«o-415 

18-709 

• 

v • 

t 

007-500 * 

997-291 





















VOLUME, MEASUREMENTS OP 


703 


Amount to ho added 
weight to obtain volume 
c.c. at T° (inilligranm^: 

Volume iff c.c. of water con-1 
tained in flask at T° (J I 


led fo j 
lume in > 
mnw's) «/ 


yjy-ooo 


I 

U99-988 


taken. The standard pipette is inserted into 
a heavy,rubber connexion *(’. The drli\%ry 
nozzle D meets the. connecting tube B in a 
ground joint. The pipette is filled through a 
glass nozzle (« which is connected ♦ 

* to a water tap and directed into 
j the top of Ac pipette. • 

„„ r , . i , “ The pipette is tilled to the top, 

the figures given above arc taken iron, an , , 

actual test carried oft at the Nation.* Physical * 1la “ " wun « awdc - >RnJ l ‘ v 

Laboratory, the two sets of (.Iftervatwms being ^ • P 

i i «- ’ \ i . * (> >ck the n cniseus 

by different observers.* it is interesting ty 1 1 < 1 


Mean volume in c.c. of water \ 
contained in HaskffitT 9 C. j “ 


note that the difference in the amounts to he 
added to the observed weijtht in air to obtain 
the capacity of the flask at 15 (., arising 
from different temperature and air conditngis, 
is greater tflan the maximum eiyor allowed 
( [ 0-2 e.c.) for a Class A flask of the above 
capacity. • 

Masks intended to be used for delivery are 
tested by first filling 1 -hcyi to the mark ami 
then emptying them into a glass Vessel. 'The 
volume of water delivered into the receiving 
vessel is determined by the counterpoise 
method of weighing as described above for a 
“ content ” flask. 

It is important that flasks used for delivery 
should always be emptied in the same manner . 1 

When tested at the National Physical 
Laboratory they are emptied by gradually 
inclining them, until, when the continuous 
stnvun of water has ceased, they are. very 
nearly vertical, fu this position they arc 
allowed to drain for half a minute, and the 
edge of the neck is then touched against the 
inside of the receiving vessel, in order 
remove the drop of liquid which collects 
together on the edge of the i#eck. 

(ii.) Volumetric Trxfimj of Flasks. — Flasks 
may ho tesUfl l»v filling them to the mark 
from a vessel which has been calibrated for 
delivery. The main advantage of such 
volumetric methods of test over grae imetiie 
ones is that they may lie carried out in 
considerably less time. If carefully carried 
out they may he made extremely accurate 



to thv‘ zero nuyk. 

K*eess of water 
4 s then reniovcd 
from the QhitfloW' 
nozzle, ami the 
flask to he tested, 
is placed on the 
platform 1 ^ Im¬ 
mediately* under 
the .outflow nozale. 

Tint platform is 
raised by turn¬ 
ing the wheel :1 
I’’ until the 
outikow nozzle 
is just inside 
tlu i week of the 
flask. The 

stopcock is opened wide and the flask 
rotatiyl to wet the entire neck, and the 
flask is then raised until the nozzle is* 1 to 
2 cm. above (lie mark. Before completing the 
filling of the flask it is remmed and the 
contents shaken as directed in the rules for 
•manipulation. The filling is completed with 
the t^p in contact with the wetted wall 1 to 
2 •in. above*tlie mark, 'ifle meniscus in 
flic flask is filially brought. !<• the mark by 
breaking contact of the t^» with the wetted 
.surface'. * 

, " The standard pipette is read at the end of 
il*i normal outflow time plus 15 seconds. The 
pipette reading plus the instrumental eorrec- 


rio. 17 


. ' !• !ion is the capaeit# of Uff; ttesk at the standard 
hut where the highest accuracy is mffured • . f .i . • , w .o ,, 

w • 1 temperature ot the piptyte (hat is, go (_. 

The object of shaking the water is to disperse 
the contaminations and thus produce a 


gravimetric methods should be used. 

Volumetric methods are *>f supreme flu- 
port?, nee, liowew-r, because tfley are very 
largely used hf nmnufacturcr.^iu calibrating 

j The apparatus sho\ n diagram mat ieally in 
Fit/. 17 lias been usttl at the Pfl'cau of 
Standards. Washing on, 2 * for testing flasks *>f 
I(M) c.c. capacity, on whi#h their tolerance is 
i 0 08 c.c. 

* Tlic flasks arc filled from a standard pipette 
A whose lower steift is graduated to enable 
a direct reading outlie volume delivered 1 <T he 

1 j^-flxpcriinentaf data on t his point, sit* Scliloossor, 
fitr aval. ('hem., 1007. • ] 

» N. 8 . Osboruowtnd B. H. Veazey, Bull. Bureau of ^ 
tilandurilii, 1008, iv. 500. • ' 


m#iiseus of normal volume. The manyiula- 
tii*i reproduces the conditions of ordinary 
use. If the test is#to merely ascertain whether 
the capacity is within the allowed limits of # 
error, this detail i§ omittffr.l unless the error 
is toifnear the limit to allow discrimination, * 
in* w hich ease a re- '“At is iwa^c. . . . Tiny 
pipettes us^d for 1 his purpose at this bureau 
are interchangeable, it being only necessary 
to employ a. nozzJe of tfie jiroper size in order 
to use any pipette with the holder and outflow 
tube/' 

A * slightly different, procedure is now 7 
• 3 Not shown iu#'itf. 17. • 
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followed at the Bureau of Stand¬ 
ards. 1 A series of standard pip¬ 
ettes arc onyiloyod, each standard 
having a capacity ^lightly less than 
thflt of tha fla^k to be tested. The* 
standard pipette is emptied into 
the Mask and the final setting ft 
'made*- by adding water from a 

* finely graduated «burctte. The 
capacity o'f the flask is found from 

* the known volume delivered bv the 
pipette and the additional volume* 
taken from the burette. ■ t 
r In passing, it should he noted 
that at the Bureau of Standards 
tl^V'J^ole of the inside*of ^he neeli 
of«UiL^l* is wetted when making 
a f *c5f, whereas at the Rational 
Physical * Laboratory and tin* 
Reich sanstalt the portion of t^ie 
neck above the graduation mark « 
is kept dry. 

A .somewhat different type of 
apparatus from that •previously 
described! is shown in Fig. 18. 
The tube at the tof) Af the gradu¬ 
ated pipette is drawn o^I into a 
fine jet which is ground off square 
a Ad polished smooth. The pipette 
is filled through the side tube A, 
and when it is partially filled the 
stopcock B is opened so that some 
water runs out at the delivery 
jet, when B is again closed. The 
tip of the jet is then touched on # 
to the surface of some water con¬ 
tained in a beaker, or 
other convenient vessel, 
to remove any Airop of 
water adhering to t/ie 
jet. Water is 'then 
allowed to enter once , 
more through the side 

t) tube until it overflows 

atj the top of the pipette into the 
flask inverted ovef tfcj top®of the 
pipette as shown i n the figure. 
The flask is provided with a holeC 
. to a flow air to enter freely, and 
with«a side tube 1.) to carry away 
the water overflowing from the 
pipette. When the water i$ over- 

# flowing freely the stopcock A is 
gradually shut off, leaving the 

1 pipette filled quite to ^he top of 
/he overflow^e#, and/cady for use. 

The flask to be tested is placed 
on a platform 10 which is ny»unted 
pn a vertical shaft, find can be 
readily raised or lowered. The 
motion of E should be easily con- 

u 1 Circular of the Burearj of Standards, 
1916, No. 9, 8th Ed. • • 




-""T From 
Water Supply 


Fig. 18. 


trollablc and the apparatus well 
made so that the platform remains 
horizontal throughout the whole of 
its twivcrse. 4i 

The flask is raised until the tip of 
the delivery jet is just above the 
graduation fnarfc. The stopcock B 
is fully opened and the slight curva¬ 
ture of the delivery jet directs the 
outflowing water on to the inside 
of the flasljj just below the gradua¬ 
tion mark, thus avoiding 
splashing and the formation 
•of ay* bubbles The stop¬ 
cock is kept fully open 
until the. sur/ace Af the 
water in the pipette has 
reached the top of the 
graduated portion, when the 
stopcock is closed. The 
(filing is completed by run¬ 
ning out small quantities of 
water at a time until the 
water surface in (lie neck of 
the flask is exactly on the gradua¬ 
tion mark after the last drop adher¬ 
ing to the jet of the pipette has 
been touched off on to the surface 
of the water in the flask. 

The volume of water delivered 
is read off on the graduated scale 
and the test is complete. 

It may*be remarked that, the jet 
is ready for commencing the next 
flask, the last drop adhering to it 
having been removed at the end 
of the previous test. All that is 
necessary before commencing the 
next test is to fill ({ic pipette to 
overflowing, then close A and put 
the next flask in position. No 
manipulation of B, nor removal of 
water from the delivery jot, is 
necessary in between two tests as 
would bo the case if a zero lino were 
used instead of the overflow point 
at trte top of the pipette. Well 
made # overflow jets give quite 
accurate results and are a great 
convenience iq eliminating the 
necessity for making an accurate 
Cutting on a zero line, and also, of 
course, in thereby saving time, an 
important <8 nsideration where large 
nmnhers M. flasks have to be dealt 
with. * 

The apparatus just described is 
well adapted to calibrating flasks 
in the course of manufacture. For 
this purpose a sftigle line defining 
the exact capacity required if places 
tho graduated scale. All that is 
^necessary ; s to empty* the pipette 
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down to this mark into*tho drii d flask, which ! § (Id) Contamination of Flasks.—As the 

is then ready for pointing. • I water siyface rises in |he fnilb of a flask* as 

The two examples juven will serve asjtyncs ! it is being filled the surface isjiable to be 
of apparatus suitable f<y* tVting amr oali- i come contaminated by slight traces ofdirt 
brating flasks. A number of variations are which stiU remain after the onjinavy methods 
possible. 1 but in all forms «»f apparatus the * of cleaning have been.employed. When the 
following considerations are of fundamental j" flask is filled to the graduation ma«k the surface 
importance. ! contaminations are all collected on the 

The volume uf liquid delivered by any • comparatively small ana of the water 

given piece of apparatus vnrjes considerably | surface in tlic neck of the flask. Vtwh eon- 

witli the rate at which it is emptied. Again I tami.iation reduce the surface tension as 

if the volume is to be read off on a. graduate.* ! co^ij ired *.vitii that of pure water. Cons'*- 


scale the reading obtained will depend upon 
how long the apparatus has been draining 
before taking the reading. * 

The“exaeU # conditiotis of working should*bc 
carefully determined, kc. the length of time 
dming which the apparatus is emptying 
freely with the stopcock fully open, (he 
length of time during which it is emptied 
slowly in making the setting on the % gradnation 
mark of the. flask, and the time which elapses 
between finally closing the tap ami taking 
(he reading on the graduated scale of the 
pipette should all be considered. A perfectly 
definite routine procedure should he laid 
down for the apparatus, and strictly adhered 
to whenever the apparatus is used. Also 
when calibrating the apparatus grnvimetrically 
in the first place the conditions must duplicate 
the actual conditions of use. Neglect of 
these' precautions may very easily lead to 
thi* introduction of errr*s greatly in excess 
of the tolerances with which the. flasks are 
required to comply. 

In conclusion, volumetric methods of t^t 
have the following advantages. Provided 
that the standard apparatiJb and the flasks 
to he tested or calibrated have approximately 
the same coefficient of expansion, then if (he 
apparatus, flasks, and water used in the 
process are all at the same temperature no 
temperature observations need be recorded. 
Corrections for temperature and air buoyancy 
have always to be taken into account when 
using gravimetric methods, lienee {ewer 1 
observations have to be nuwW in volumetric 
than in gravimetric tests, and the tijial 
Jesuit is arrived at more directly, the only 
calculation necessary being the addition of 
the previously determined correct ior*t to 
the observed readings of the standard ap¬ 
paratus. Distilled water is not necessary 
for volumetric method*, and hence only a 
storage tank in which %he ordinary wat.?r 
supply can attain ro<ftn temperature is 
required. Finally, volumetric methods require 
considerably less tiny than gravimetric ones, 
and particularly is this so in the ease* of 
calibrating blank*flasks in the course of 
manr.^alture. • @ 

t a ]so If. N' Morse anti T. b. Blalock, AmJt. 
Chem. Jour., 1894, xvi. 479. 4 • 


qnenVy the ^<<liime of the meniscus (i.c. 
tly* volume of liquid abovt* a hori/ontal 
jdane tangential to the lowest point of the 
meniscus) % less yhan^is the ease wit^jjuye 
wafer, and the total volume of liquii^c^ij^.'^fbd 
in the flask i* rc^ucgd by a corres|M>iid|ng 
amount. 

Osborne ajid * Yea/.cy 2 carried out a senes 
of experiments t>- investigate fly* errors 
arising from Ihv abovo cause. They arrived 
at Jhe conclusion that the surface teifttym of 
the water meniscus in volumetric apparatus 
is liable to be only 0-5 times the vTilue for 
pure, water, ami that thi* causes an error of 
(You* 1 to 4 parts jiti 10,000 in the ease of 
ordinary measuring? flasks. 

On the basis of the above diminution in the 
value of the surface tension the authors 
obtained the following values of the resulting 
errors,for flasks of various capacities: 


i Internal 
Caineit.y. j Oiameter 
| %f Neek. 


Internal 
ror.lu. to j, 
nUinina I \, v u- 


*100 

20* 

300 

500 

1000 

2000 


10 ! 0-018 ! 

12 * | 0-032 I 

13 | 0 - 041 * 

15 * ; 0-058 • 

18 | 0 - 085 * j 

20 * 0-105 1 

25 ! 0-155 i 


0 

* 8 
*» 

10 

12 

14 

18 ' 


<MH >3 
o nos 
0 012 
0-018 
0-032 
0-049 

0 085 


^ It was further tfnm]|? th'at if, when filling 
a flask, the contents are, thoroughly shaken 
just before completing the filling, the surface 
contaminations become disseminated, and by 
1 iY* means the errors arising from such,con¬ 
taminations may be eliminated. 

§ (15) Use of Liquids other than 
Water. — The difference in the volume of 
liquid contained jn a Mask when it is 
filled kith water and when it is filled with 
aolhe other liquid is simply -•tly* difference, 
between the volume of the meniscus in the 
tw r o cases. 

The fable on ^ollowjing page 3 gives (lie 
difference in c.e. between (his volume in the 


1 liftreau of Standards Hull., 1908, iv. 507*574. 

- 1 Osborne and Veazcy, It wan of -Standards Hull., 
1908, tv. 585> % , » 
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case of water ami liquids of varying capillary 
constant a'\ where .fl 2 t (leliiq'il by * 


Flasks with graduated necks arc sometimes 
usefuf: for example, the llasks graduated in 
.V.thsje.c. from J25*c.|. to 135 c.c. used in 

{ oil estimations. 4 * * 

Milk tart bottles of the Babcock and 
J'<#„iann Beam type are small llasks with 
dynes per cm., a the density of*the liquid, [.graduated necks, the •graduations indicating 
and (/•the acceleration due to gravity. percentages of milk fat. 

• « . a _____ _». --—-- -- 


2T 


I Tube 
Diameter. 


\ 

• 1 ) 

« «:o 

11 ; 

12 ; 

13 ! 
ir» 

1U * 


Capillary Constant in mni.i. 


11. 

‘ bk 

1 13. • 

• 

11. • 

« 

1#. | 

*■ 

"" 

8. 

*7. | 

ooo 

; (.mm) 

•ooo 

0(H) . 

ooo 

ooo 

-ooi * 

•001 

(MX? 

(MM) 

(MM) 

■001 ! 

# -001 

•001 

•<f»l 

•002 

(XX) 

•<*>1 

•001*1 

-001 

(H)2 • 

•<M)2 

•«(>3 

•004 

(MM) 

•001 

• 001 

•002 

003 

•004 • 

•005 

■ooo 

001 

•001 

002 

•003 

•005 

•000 

•008 

010 

001 

•tA> 

• 004 

•ooo 

(K)7 

•4)10 

■012 

015 

001 

004 

•' M.K> 

•008 

01 1 

•014 

•018 

022 


•005 

■oos* 

•012 

■010 

•020 

•024 

•030 

•003 

-007 

•oil 

• 010 

•021 

•025 • 

•032 

■ -oM) 

001 

•009 

*•014 

-020 

•020 

•033 

•041 


•005 

•Oil 

•017 

•02 if 

033 

•042 


■■ 

•(KM) 

•019 

•022 

•030 

•041 


•• 


•007 

•010 

« • 

•027 

•037 


_... - 

— — 



6 . 

-001 

•002 

•004 

•007 

•012 

•01K 

•027 

030 


■001 I 001 

•003 | -003 
*005 j» -007 

1 ooo ; oi 2 

•015 S 018 
•023 ! 027 
•032 I .. 


Hence if tKo capacity l^f a Hask is kilnwn ; 
f.^r water, then its capacity for any other , 
liquid may Ik* determined by subtracting the ! 
value given in the above table corresponding 
to the internal <liameter of the neck of the 
flask .used, and the capillary constant t>f the j 
liquid, from the capacity as determined u>r j 
water. The above table is strictly true foi 
a temperature of 20 1 (\ only, anW is based ; 
on the value.'/ 2 -- 14-821 mm. 2 for water. 

Flasks calibrated with water for delivery • 
should not he u^*d where preei.^on is re<^iired, 
for liquids which differ greatly in viscosity 
from water, Atitl^mf reealibrntion for the ; 
particular liquid to h;- used. j 

§(10) Varieties of Ftasks. — In addi ! 
tion to the most widely used type of 
> flask with a single graduation mark on tile 
neck various other forms are user! f »r special 

• i 

purposes. • 

Flasks with two •lines on the neck which 
determine tw«> slightly different volumes, 

• e.(f. J00 c.c. and* 110 c.c., arc useful in siU'vr 
analysis where it is required to add.a sn|ill 
volume of basic lead acetate solution to a 
measured volume of sugar solution. 

• When two successive volumes which differ 
considerably have to be nfl-asurcd, flasl^ with 
two bulbs, one above tin*other, arc used, (fcio 

•graduation ffiark is jflaced on the short cylin¬ 
drical tube connecting the bul4m and the 
other on the neck of the flafk above the upper 
•mlb. Flasks made in this manner, but with 
subdivisions marking c.c. intervals, both 
on the connecting tube and the neck, are 
, largely used in determining the specific gravity 
of cement.* • * 


§(17) Pipettes, (i.) Te»t Rvyufatinna. In 
order to obtain satisfactory results with 
ordinary one-mark delivery pipettes it is 
essential that the instruments should be 
made to an exact specification and calibrated 
for a definitely specified method of use. The 
various details whit*a have to be considered 
arc illustrated by the following account of 
the regulations relating to pipettes which are 
in force at the present time at the National 
Physical Laboratory : 1 

(1) The graduation mark must be made 
by means of a fine clean line* carried com¬ 
pletely round the suction tube and lying 
! in a plane perpendicular to the axis of tin* 

! tube. 

j (2) Pipettes of capacity greater than i> c.c. 

I must have a delivery tube below the bulb. 

Pipettes of 5 c.c. capacity «*r less may have 
# the 4>uH> itself drawn out into a jet if so 
: desired. 

tf) The top <*f the suction tube must he 
; ground ofE square, and the. ground surface 
must he smooth. « • 

(4) *The delftcry jet must be made with a 
I gradual Uf|>er. A sudden constriction at the 
; orifice i* not allowed. The end of the jet 

must be ground off #hi<» and the ground-off 
surface rnust*be smooth. 

(5) 'The outlet must be of such a size that 
; the .time occupied by the outflow of water, 

as defined in paragraph (H) below, con¬ 
forms with the times given in the following 
table: * 

i ... •. V -- 

| •> Taken from Uie Nov. 1919 edition of a pamphlet 
•; (Volumetric Texts on Scientific (Jl&smare) issued i>.V 
I the National Physical Laboratory. 
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Capacity. 

Minimum Delivery 1 
Time allowed. 

Maximum Delivery 
Time alluvwd. 

c.c. i 

3 

, secs. , i 

\ secs. ) 

2 

r t 

10 

5 

10 

:l) 

10 

15 , 

30 1 

r.o 

2(t ’ 

40 

100 

30 

GO 

250 

45 » 

»0 

; 5oo 

00 

, lilt) 


NOT). —Pur eii|>arit.irs Tint taliUiatcl t! * ileliicr* 
times iir>- tliuso of till- next- tirui'i tabulated capacity. 

• 

(») Till! time of mflflmv and the drainage 
time (Id sec*.) must he marked on all pipet^s. 
For example! a suit able inscript ion /or a SO e.e. 
pipette would be : 

50 o e. * 

li. id’ r. 

(110 i 15) sees. * I 

Tile actual time of until.,w must be within the 
limits given in the preceding paragraph, and 
also must not differ from the time etched on 
the. pipette by more than the amounts given 
in the following table : 


vessel is removed from contact with the tip 
of the. pipette, thus ren*>ving any 
adhering to the* ontsiil' of the pipotI<■. To 
determine the instant at whicli* the outllow 
ceases, the motion of tl.e water surface' dnwn 
flit 1 delivery lube of the pipette observed, 
land the .hjivcry time is eonshlcml to be 
complete when ihe meniscus comes In rest 
slightly above the end id the delivery tube. 
The .}' minute draining time is conned from 
this innmtv*. • • 

( 0 ) The J tleramiw allowed on pi|»< ttcs arc : « 


(.TJIffi 






" 2 

Veil; 

• 

r \ 

, 001* 

1 s 

i ym 



o o-i , 

10 

;• oor- 

* 

10 

0 03 

20 * 

! 0 02 


j 2<> 

• 0 035 

1 30 

d-025 


30 

0 015 

; 4 50 

0 035 


50 

J'*G 

100 

0 05 

• 

l(M) 

oos 

I 150 

007 


1 150 

*0 in 

I 250 

i 0-08 


i • 250 

0 12 

*500 

! 0-15 J 


500 

j 0-25 


Marked Time 
of Outllow. 


30 

<30 

*H) 

120 


I Maximum Dilfereme allowed 1 
; between the Marked Time o| ; 
j Outllow and the Actual ’1 ime , 
of Outllow. 


WrH- l-’or marked limes of outllow not. given m 
tlie above table the tolerauees are tne same as tor the , 
next larger tabulated times. 

(7) Tin* distance from the tip <*f the jet to 
,he line alive the bull, is measured on all 
pipettes .submitted for test. This dimcusi.m 
expressed in min. is etched on each pipcfl^ 
which passes the tests. , * 

(S) Ordinary pipettes are clumped vertically 
for test, and' Idled with Hater to a ulmrl 
distance above the mark. Witter is run out 
until the meiiim usjs on the mark and the mil¬ 
lion- is then ... The .Iff.,, adhering to 

the tip is removed by bringing Ihe surface 
of some water contained in a honker into 
contact with the fip%id tho^ removing, it 
without jerking. The pipette is then allowed 
In deliver into a clean weighed vessel held 
slight!v inclined so that tin! tip of the pipettb 
js in 'contact witlb the side of the vessel. 
The pipette is allowed to drain for } nifcutc 
after outllow lias ceased, % tip still being 
in c*ntact with*the side of the vessel. At 
the end oMhp draining time tlie receiving 


! Nyrr.- lor rapacities not given in Ihe a.iave 
(able the tolerances are the same as those gixen lor 
th(' next larger tabulate*! capacity. 

(ii.f Mdlio'i# 'if ashi'j Piptlirn. When a 
liquid such as water is allowed to inn out 
I from a pipette the pipette does not completely 
empty it rlf. Apart, from the film of liquid 
which remains wetting the w^ills. a small 
* quantity of liquid collects in tlie jet. Many 
methods of using pipettes haw been put 
forward from time to time, but the largo 
majority fall .into onc*er, other of tliq two 
i following classes : 4 

| (a) Those methods in which the drop of ( 

•liquid which collects in the jet is allowed to 
there. 

(I,) Those in which this drop is ejected. . 

. With regard fo tty 1 * second methods the 
drop remaining is sometimes ejected by 
blowing down the pipette. .All alternative 
jvav is to close tlie lop of the pipetlij with, 
lie linger and to clasp the bulb wish the 
other hand. The resulting expansion of the 
air inside the pipette expels the drop of 
liquid from the jet. " 

.Methods involving tlfl> ejection of tlie 
^■op*of liquid from, the pipette are the less 
satisfactory of the two alasscs! * • 

To lie •aitisfaetory any method of use 
must lie such t)l*l it is easily reproducible by 
different observers, aitd for a given pipetjp 
must give consist on t results. 

Fohloesser 1 found as a result of a series of 
* Xs. fur angeunirite Vhmk\ 1003. , 
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experiments that the difference between the j Physical Laboratory* and the Reiehsanstalt 
remits obtained •with the same pipette vary j ado pi the method given in (ii.) (a) above, 
amongst themselves *by a •greater* amount j The *»ureau of Standards allows the pipette to 
when the pipette is blown out than when the « emptl,' freely i/itil # thi water surface enters 
dr^p which collects in the jet is npt ejected, j the delixTry tube. The jet is then brought 
This was frue'of various sizes of pipettes and • into contact with the wet surface of the 
for different observers. # f j receiving vessel and ikej^ there until the 

• Th<j writer recently found, as a result of a remptying is com]>lete. 

• large number of dpierminations by different^ The difference between^the volume of liquid 
observers,* that when the drop was ejected delivered* by a jripette using free outflow and 

• by warming the hull) wit If the hand as that delivered when the jet is kept in contact 

• previously described, the lack of (concordance *vith tin* inside surfaefc of the receiving vessel 
between the results obtained was much is negligible. 

• greater than when the pipettds were emptied A method of ifbing pipettes is sometimes 

as described abort*. • 

These results are ^rilv whuff might be 
on general grounds. If the drop is 
ejeetlft*. warming the bulb with one hand 
thif time, t Jii<-h elapses itefore the drop is 
c.vpd'led, 1 and also th^ force* with which it 
is expelled, differ with different observers, 
and also* depend on how tightly the hull) is 
claspei^ The method thus involves conditions 
w hie If are not accurately reproducible, and the 
same remark applies more forcibly if the drop 
.remaining is ejected' *hy blowing into the 
pipe! to. 

The main advantage cjunfed for the methods 
involving ejection of the drop is that by $meh 
methods bet ter agreement is obtained between 
the volumes of different liquids delivered by 
the same pipette. 

Tht» amount of liquid which remains m the 
jet of a pipette will depend on the physical 
properties of the liquid, and vary with different 
liquids. It therefore appears a if obvious 


applied in voltAnotrie ‘analysis which diffoia 
frct.n those already considered. # *Tho pipette 
is calibrated to contain its nominal volume 
instead of to deliver that amount. When used 
it is tilled to the mark with the solution to be 
measured, and then allowed to empty through 
the delivery jet. Ifc is then thoroughly rinsed 
out with distilled water and the rinsings added 
to the solution previously delivered. The 
total volume of solution obtained in this way 
is of course variable, but the whole of the 
solution initially tilling the pipette is trans¬ 
ferred to the receiving vessel. Hence the total 
weight of reagent present in the solution 
originally taken is transferred to the receiving 
vessel, and this being the case the subsequent 
dilution is immaterial provided the concentra¬ 
tion of the original solution and the eonthnt 
capacity of the pipette are known. 

The advantage of the method is that the 
whole of the solution is obtained from the 
pifelte, and so the variations with different 


method of equalising the results for different # liquids owing to varying amounts of liquid 


liquids to eject the drop and include it in the 
volume dclivered#by the pipette# s 

The gain is more apparent than real^ I*ar 
more* important t%an the vafiation iu the 
volume of the drop of liquid which collects 
• in the jet is the variation iif the amount of 
liquid which remains, wetting the wholj* 
4 interior of the pipette. To eject the drop 


fruni the jet by no nmans Retires consistent » me owjeewon i<» me memo<i is mm- it 
results with different liquids, and the possible * requires much i*ore care in manipulation and 


being left cm the trails of the pipette when it 
is emptied without rinsing arc eliminated. 
The differences arising from Ihr ditferenl 
meniscus volumes of different liquids are not 
eliminated by the above method. .In tubes 
of the diameter used for the suction tubes of 
pipettes, however, the differences in meniscus 
volumes are practically negligible. 

• The objection to the method is that it 


small gain in this "direction is more than 
counterbalanced 14 V the disadvantages stated 
'previously. I * 

It should he stated, however, that thrdugholt 
the last thirty years or so lyothods involving 
ejection of the drop of liquid from the jet 


also requires more time than the ordinary 
metTiods. 9 

(iii.) Delivery Time and Jhainwje. Time of 
P>petty. — It \w II be seen'from the account 
given abo^o that the National Physical 
Laboratory regulations require that each 


•have had their adherents,^and still have at pipette submitted f<>^, test must have its 

i the present time, who maintain that fsuch 1 11 - i: — - 1 :i ,p ’ •' 

methods give most consistent results. • 

* On the otlfer hand*, the National Physical 


dei’very tim# mark®.! on it. The Actual 
i delivery time must If.* within specified limits 
and must not differ from the marked delivery 
Laboratory, the Bureau of Standards, and the j timothy more than the small tolerances stated. 
ReichsanstaIt have novqf adojticd such methods In addition, the period t*» he allowed for 
f®r standardisation purposes. The National drainage, viz. 15 scc*»., mu®*. be marked on 

' each pipette. • • • • 

Jf'ho regulations are therefore based or? the 


1 In the ease <>f pipettes of small capacity*it is j 
sometimes a matter of difficulty to expel the drop t>y | 
• t!)is mfcthod. _ * ‘ 


•following conclusions: 
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(1) It is necessary that the delivery timo of 

each pipette should be known. ^ 

(2) The delivery time of a pipette nhould 
lie between certain IShiita emending Jn it a 
capacity. 

(II) A detinite interval must be allowed for 
drainage. '* 

It will be convenient to consider these 
points in the order ^iven by reference to the 





The. time jiuen ai/ainst «uc/i; curye . 
j rt'i,resents the particular drainniig_\ 
" \time to [which l(<e cuiue relates. I 


1 ! 



20 30 40 60 70 no 00 100 110 120 


Delivery Time in Seconds 

particular ease illustrated by the graphs shown 
in Figs. 19 and 20. 

The experimental data on which the graphs 
were based were old.lined with a 100 e.e. 
pipette whose, dimensions were : 4 

liHigth of hull* •••*'■ 

J J <*n*'tli of delivery tube .... 

Length of suction tube .... 
llistiinee of graduation mark from top 
end of delivery tube .... 

External diameter of bulb 
External diameter of delivery tube . 

Internal diameter of suction tube 


I approximately 0 01 o.c., an amount which is 
small in comparison with the*observed changes 
1 in the viflume of» water llelvvered. 

J The data on which the a •complying graphs 
j are based were taken front the more otffeu^v* * 
^ series of observations just outlined.* 
b The tiisLjpoint. which we have to eonsider 
i is the necessity for the delivery time fo» 
which a pipette was calibrated being k»i*wii * 
1 to the user. The full k line- in /•'()/. 1!) 
slaws the rclutioti between the %■<jTii ut. 
water -ielij- red by the 1(H) e.e. pipette when • 
th$ .-'andard dm mage time of 1-f aiis 
allowed. Nop|*>se that the pipotte had been , 
oifiibrated fur UO secs. dcljvory time, but 

that tile delivery time was 3ul)«v<|iiui1ly re¬ 
duced to :ft> sees| f.j; by re|wiirim! 
damage to the jet. Then the amuiifft*4'*t liter 
delivered for Jb ,*es* drainage t»iji' -.iiuteJo 
sees, drainage tjme would he as may hc,-.,,-n 
' fitun the gru*ph~0 - 07 e.e. less than the volume 
delivered'in 00 secs, and !•> sees. *draiuage 
time. The change is thus greater tl^nn tlui 
whole Class A tolerance, viz. O Ou c.e.,*oii a 
: pipette of this capacity. Even if four^minutes 
j drainage time were ally\\jf‘d in each case the, 

! change would still he 0 04 e.e.. as may he seen 
from the. top cure#- in fig. 19. The times 



30*0 


The time t/iveii iujaiv-t each come 
' ^represents the - t partii ular delmenj \ 
time to d’ltich the < oiur relates. 

tr ' 


149 mm. 
112 mm. 
7-4 mm. 
7-3 mm. 


i r-ki 


iC- ; 
"1 


4 i 


Initially the delivery time of the pipette *,v 
12U sees.' For this delivery tjim- the volume 
of water delivered, allowing various drainage 
times, was determined by«weighing. *>he 
different drainage, times employed were 2, 

10. 15, 20, $>, »). 44, 00, 120, 1st), and 240 sees. 
When these observations were completed the 
tip of the pipette was earefully ground away 
until the delivery time was reduced to«i0l) sees 
and for this doiivcrt' tTiitf- also t,\ic volume jif 
water delivered for eaeli t>f the drainage times 
given above was determined. The delivery 
time was reduced by successive grindings to 
the values HO, (it), SO, 40, 30, 20. 20, and 15 
sees and for eaetylelivery time the same series 
„f volumes for various drniaage tunes was 
di'tertluned. The total change in the absolve 
eapaeitv of the, pipette due to grinding was 


Delivery Time plus Draiitoye Time in Seconds 

v Flo. 20. 

. ;;0 sees, and (10 sees,fire the limits la-tween 
which the delivery time’s of standard 100 e.<*. 
pipettes must lie. The ah,os figures show 
(..'early that it. is not siillieient for the dein cry 
tifie of„a pipetlo to he within the limits laid 
down, but the evact delivery time for which it. 
was calibrated must, also he known. 

The data given relate to 1(H) e.e. pipettes-' 
only, .but the saVne tiling holds good for 
pyettes of other capacities. as j - shown by the 
following table, ill wliifli Ar is* the cliangd 
produced »l the volume of water delivered 
by a pipette oft) the stated capacity when 
i its delivery time is changed from the max. 1 
| mum to the minimum value allowed, a - 
| drainage time of 15 sees, bring allowed in 
; eaeli ease. > 
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Capacity of 
Pipette. 

Limits on 
Delivery, 
Time. *• 

Ar. 

* 

Class A. 
tamit on 
(a parity 

. 

i r’r. 


e.c. 

e e. 

• 100 • 

• 00410 

0-07 

♦ 0-05 

50 

20-40 • 


0 035 

25 

* 20-40 

oo:t„ 

* 0 OJfl 

to 

15-30 

0 - 02 , 

0015 

• r, 

10-30 

00 l s 

04)10 

-• ‘ 

5-10 

0 01 4 

... • 

0-lXKi 


Jlcnco the change Sr is in *caoh ei.se 
greater than the maximum 1 * 1*50 r toleratrd on 
- ;l Class A pipejte, ami there is thus g$id 
reason that the actual^ deli very thuc of cad* t i tye of 15 see%, assuming that the delivery 
inured on the ! fj mo »,f c>ae^ pipette had the mifiinuim value 


If the rate of outflow is too slow, however, 
the ujje of the pipette becomes unduly tedious 
and absorbs too much of the user’s time. 
I'urtlj. »r, with yry lint jets there ^re more 
likely to be variations in the volume of liquid 
which isf detached against the aide of the 
reviving vessel. t 

i It is therefore neeessaify to fix both an 
[ upper and a lower limit to the delivery time, 
f The lo^er limit should tie so chosen that the 
rate of drainage Vs not too rapid. The following 
table shows the error Lv which would arise in 
the volume of liquid delivered by pipettes of 
varying capacity,if the time allowed for 
drainage differed by f> Acs. from the standard 


iiqtftiiiual pipette shoftld 4 >e maiVet 
insTrf*n«'.i#. This inscription, together wiili 
thti'lisfatyf from the ti*,) nttfi# pipette to the 
gr^> 4 iation mark, which is measured at the 
time of test and engraved on*lhe pipette, 
enables fhe user to ascertain with*certainty 
whether the pipette is in the*same condition 
as wife* tested. 

Turning now to tin* question of limits 
.between which the ^eliverv times of pipettes 
*of any given capacity should lie. the graphs 
shown in FUj. 20 furnish information bcifring 
oij this point. The data +or the graphs were 
obtained from the same series of experinfents 
as the data for the graphs in Fi'j. 19. The 
curves marked 15 secs., 20 sees., 00 secs., and 
120 s*<-s. show the volume of water delivered 
bv the DM) c.v. pipette for these partieul..r 
delivery times with varying draining times. 

All tiie curves start at a point when* drainage 
has a head v keen going on for 2 seconds. It 


allowed l»v the regulations given previously. 


! 

Minimum 


< ‘lass A. 

Tolerance 

on Capacity. 

Capacity of ! 
Pipette. 0 

1 

Delivery 

TiiifO 

allnweil. 

Ac. 

c.c. ; 

sees. 


e.c. 

loo ! 

30 


0 05 

50 | 

20 

ooo M 

0 035 

25 i 

20 

0 (K)., 

0 025 

10 j 

15 

04 HA, 

04)15 

r> 1 

10 

()4H>i 

04)10 

2 1 

5 

(MHI 0 

04)00 

'The errors 

are thus 

seen to he small, and. 


moreover, are based on the assumption that 
the 15 secs, drainage period is not strictly 
adhered to, and are therefore capable of being 
diminished by careful manipulation. 

•The maximum delivery times allowed are 


will b(> seen from the curves that when the* twice the minimum values given above, and 
delivery time is # .15 secs. 0-04.> t c.c. of inter 
drains Out of the pipette in the first 5 sif-s. 
rIjowm on the 1 ur^c.* When the delivery is 
00 secs., however, a damage period of 9S secs. 

• is required for the same volume of water to 
drain out. and with 120 secs, delivery firm* 

• only 0-027 c.c. drained out in the whole *4 

minutes interval oyer # which the observations 
extended. A 

* The fast rate of dfciinagc which is.thus seen 
to occur when»a quick delivery time is used 

• meant that a comparatively large volume , 
watei* has been left behind on the walk* of t|ie 
pipette. In such eases much greater differences 

will be found between the vluines delivered 

•when different liquids are used than when a 
*• king delivery time is used.* Further, insider 
to obtain consistent remits with the sange 
liquid, the ]ft*riod allowed for draining must conditions of use, it is more difficult to allow 
be very' accurately timed if a slutrt delivery j absolutely no drainage time than to allow a 
time is employed owiyg to4ho rapid rate of definitely specified interval. Moreover, a 
drainage. variation of a few second^ in the drainage 

There are thus serious disadvantages attend- time immediately after tho^ delivery Jimc is 
ing the use of pipettes which have fihort ( eroded is more serious than a variation <if tin* 

• deliwrv times. * ♦ same amount in observing a (Vainagc time of 

v • * * 


give ample margin to the manufacturer and 
are not unduly long for the user.* 

Lastly, th(‘ desirability of fixing a definite 
period of drainage remains to be considered. 

Some authorities arc of the opinion that it 
is preferable to stipulate that no period for 
drainage should lie allowed, but that the 
^le! ivory should be regarded as complete im- 
• mediately the meniscus comes to rest near the 
bottom of the delivery tube, is. at the end of 
; thc*.iatural delivery time of the pipette. 

One objection to this is that if the drainage 
period is eliminated the impr<*ssio # n is apt to 
. he created that it is immaterial whether an 
observer afiows a short time for drainage or 
not. Tim data previously given show that 
tlys impression is er^ifteofis. Again, from the 
point of view of reproducing in calibration the 
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15 ae.ua., since the initial rate of drainage is 
appreciably greater than it is 15 secs, llater. 
There is also the eonsyen?t,i<m that one ns’ less 
likely to*obtain consistent Aults by rlmov- 
ing the jet from contact with the skle or the 
receiving vessel immediately the delivery time 
is ended than by ftmuAring it somewhat later^ 
when the conditions are more steady. 

There appears, therefore, to be sufficient 
reason to justify the practice of blowing a 
definite period for drainage, 
of 15 secs, is one which does im f ftinke 


pipettes were emptied with free outflow, 
touched ^gainst the side *ot the receiving 
vessel to remove* the drop Tidheijng to the jet 

* at the end of the outflo” time, and no period 

| of waiting for drainage was ^allojved. r Bhfl 
P dimensions of the pipettes used are not stated. 
|*Thc results^are summarised in the following 
table in which the value Ac is the ditTe*enee * 

, volume of liquid*dellvereil minus volume* of 
i .enter delivered, and is expressed inV.tj. r l'he 

* column headedt s§cs. gives the delivery times’ 
pipettes for the liquids specified. 


and the period 

ait I of 4 lu 


, biqiyd. 




i Water . 
j Nitric Acid . 

Sulphuric. Acid 
1 Hydrochloric Acid 

j Oxalic Acid 
i Sodium Car I mimic 


| ('austic Soda 
: Caustic Potash 
! Ammonia 

j Kchling’s Solution 1. . 

11.* 

! barium Chloride . 

. Sodium Thiosulphate . 

Potassium Bichromate 
1 Sodium < hloridc . 
Ammonium Sulpho- 
evanide 

i Potassium lVnnan- 
I . 

| gaunt c 

I I’crric < hloridc . 
Cranium Solution 
.Mercuric Nitrate . 

; Sil\cr Nitrate* . . j 

: Suuar Solution . . | 

Indigo Solution (Kulicl j 

| and 'I'ntimun) . . ( 

■ Iodine*' . . ■ | 


• • 

gntratiou. 

• 

'romp. : 

ill' (• j j- ^ 

f' 4 » c.c. 

Pipette.; 

2.5 c.c. 

Pipcttic 10 c.c 

Pipette. 

forva- | 
lion. 

sees. 

• . . 


7 

^•cs. 

A'-c.c. (sees. 

• 

4 " 

.. 

18 I 

39 


•T* 

■ ■ 2 ", . 
! 0-000 2(T 

' 4 

N/l 

i7-r» 

30 | 

- 0-005 ; 

32 1 

0o(io 

N/l 

17-7 ; 

30-5 ' 

1 0(^)3 * 

31-8 * 

-0003 

' »• 

M/I. 

IK-2 ' 

30 

■•0 017 ; 


20 7 

0-000 

N/l 

no ; 

30-5 | 

o oi3 . 

32 

i 0-005 


N/l 

lK-0 ! 

4*4 

- 0 035 


20-5 

o-oo3 
T) (104 

N/2 

17 5 | 

30 2 

0-011 

• • •' 

212 

N, I 

IS 1 , 

40 

-0 015 


: io 5 

* o ooo 

N/ 1 

17 0 

30 4 

- 0-017 

32 

tt-005 ’ 

! .. 

N/l 

18-0 

30-1 

! 0-001 


20-4 

-0-005 


IK 

39*8 

- 0-012 

y 

20 3 

0-005 


IKK 

•H i 2 

-o los: 


i 28 .5 

0-013 

. 

N/l 

17-.; 

30*5 

O-o it 

32 2 

0 005 .. 

1 

N/10 

Hi S 

to 

-01)05 

31 4 

0005 


N/l 

10-7 

30 

0-005 1 

3 Hi 

- 0 -003 20 4 

0-007 

N 10 

Hi 4 

30- 

- 0-004 ; 

1 


: 20-8 

! 0-002 

• 

N/l 

18 0 

38-8 

I 

0-000 ; 

32-2 

+0-00420-7 

1 -0-007 

N in 

•'8-4 

10 

iTt-oio; 


20 4 

i 0-000 

0-012 g. I'V 

i7 2 

30 -8 

0-035 


41-8 

0-000 

0-005 g. P.,O r , 

Hi-7* 

30 4 

0-000 

32-0 

; 0-001 i : - - 

! 

0-01 g. ITca 

17 Ci 

304 

i 0-00^ 

3 Hi 

+ (l-00j| 

■; 0 (K)4 

N, 10 

17 8 

4) 2 

1 O 00.5 

32-2 

i 0-012 212 

1",, 

. 0 (M) 1 g. 

IS 8 

40 • 

0 01.% 


• .. ♦ 18-8 

« 

(1 (H»3 

N 2 ( •-, 

17 (i 

30-3 

0003 

;i2-0 

*0-000 : 


N, 10 

17 7 

30-0 

i 0025 


1 10.5 

■ 0 •()()(> 


| Alcohol .... 

Sulphuric Acid (< ’one.) 
j Nitric Aci«l . 

I Caustic Potash (Cone.) 

J Milt 1 . • • ■ 
I Milk - . -. • • • • 


01 **8*' 

oo-.r 

30'* 

• 15% 


p> # . 
19 li 

19 5 

> IS I 

l!> 3 
1S> 3 


4 Hi 
US 
lit 

: ll) 
■in 4 

* il ti 
: Jl ti 


o-i 12 
nJ2!> 
0-142 
-*0-004 
- (M»3S 
0 174 
-0 092 


33-5 - 0-007 

#7-4 # « (HISS 


230 
52 1 
2 Hi 
21 2 
20 S 
20 S 


- 0 0.111 
0-085 
o-oof 
0-007 
g-052 
*■022 


'1 Si-ttinu ... «f 'vat.iT iiicmsi-im ami litahwt 1“*"' •«( milk iwflMtw. 

• Scttlife mail.' *11 uwiiwt i"'int. of Nii-iiMcna fur both milk :<ml 'rater. 


It fill he seen from the above table 1 hat of 
tlfh solid ions above th*c hori'/onfeiyine dividing^ 
the table into two parts tfie difTcrcnces between 
(lie volumes of liquid and of water delivered 
Vj ■ '* • • I are almost negiigmle except in the four cases 

Till lowest' |»>*t ..f tlx- niMiiwMis was ! ’"‘uk.-.l with an asterisk. The emu-ent ration* 
_ i ..u nvnmti mill; in whirli 1 given are the greatest- ordinarily used m 


• • 

inordinate demand on tl# user's Time and \*?’t 
\» ample to secure satisfactory results. 

(iv.) t'#c of Liquid* other than H uhr.--Ex¬ 
periments on this p^iint were carried out by 
W. Sehlocsser . 1 


I ne iohchi i«'iwi' -o .. 

on the •nark in a# cases exee|tt milk, in which 
case flic top of the meniscus was read. Tfce 
1 ChettiHfr Zeitung, 1000 , xxx. 1#71. 


given are the greatest omuuuuy *«* 

| volumetric analysis, and lienee with very few 
f exceptions^it may be sillily that pyiettesVali- 


V0L. in 
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brated with water may be used interchangeably 
for 'Solutions ordinarily employed in yplu metric 
analysis. 

In the case of the liquids in the lower portion 
of the table, with tho single exception of the 
30 per cent nitric acid solution, the values of 
At» are excessive. For liquids «.*eh as those 
'givent whose physical properties differ con¬ 
siderably from tluvo of water it is necessary 
to cali< rate the pipettes for the particular 
liquid for which they are to be employed. 


volume of milk delivered with 2 sees, and 15 
secs. | drainage times respectively amounts 
to a,, much aq. 012 # c.c., corresponding to 
0-04 Vpcr cent,, err,or in the estimation of 
the fat yi a sample containing 4 per cent 
of, fat. Tho use of milk pipettes with 
short delivery times is therefore not to bo 
recommended. 

(v.) Effect of Temperature on the Volume of 
Liquid uelireraj by Pipettes .—The available 
experimental data oq, this point is meagre. 


Ext. Plain. 

Delivery Time * 
(Seconds). 

Volume (e.e.) delivered with 

2 s«’*s. Drainage. 

Volume (e.e.) delivered with 

If, sees. Drainage. 

of Bulb ol 


- J- 


— 



Pipette. 

For Water. UorMiik. 

• rv„t, t. 

Milk. j 

Diff. 

Water. 

| Milk. , 

i)iif. 


.3 0 3-7 . 

0-881 

9 702 

-0 110 

0-933 

9-879 

- 0 054 



9-003 

0-813 

- 0 000 

0-027 

0-805 

0-002 

S 17-7 

14 0 


0 047 j 

0-805 

-0(182 

0-053 

0-804 

- 0-050 

1*3 12 8 

• 0-072 

9-922 

- o o,“, o 

0-‘*70 

i 0 020 

-0-050 

It; ;, 17 r. 

PHI 10 

0-081 

- 0 0.t5 

10-019 

•MtNti 

-0-033 

M.o 

3-1 217 

10-019 

o os;> 

0-031 

10-020 

0-080 

- 0031 

1.1 f 

27 2 28-3 

1 1 -010 

10 077 

-0 033 

11(112 

i 10 085 

0 027 


4 The ease of milk v\ of particular importance 
since the various methods, e.o. the Gerber;, the 
Babcock, etc., of estimatii ' the percentage of 
fat in milk, which ore extensively used .com- j 
mercially involve measuring a quantity of milk . 
by means of a pipette. r l he above table , 
furnishes interesting data relative to the : 
volume of wa*or and of milk delivered by 
10 e.e. pipettes. 

The external diameters of the bulbs of the 
pipettes used are given above : the delivery 
tubes were' approximately 170 mm. long i 1 
(210 mm. in the ease of the 11 e.e. pipette) 
and 5-5 mm. external diameter*; the gradua¬ 
tion marks werjp 20 nyn. t<> 40 min. abqvo the ; 
bulb', and the internal diamotei of the suction ; 
tubes 4 mm. The bottom of th«* meniscus 
. was set on the line for both liquids. 'Ibis , 
is quite practicable in the case of milk if tjie 
surface; is viewed against a bright background, 
eig. a window. 

Et will be seen that for the last three 
pipettes the difference between the volume of • 
milk and of 'wa,ter delivered is practically j 
1 constant and equal to 0-03 e.e. both for 2 s* r, .». ; 
drainage and for 15 secs, drainage. Further, ; 
the difference between thq, volume of milk j 
delivered with 2 sees, drainage and with 15 . 
1 secs, drainage is stflall in tljc case of the same j 
, three pipettes. „ : 

For the pipettes with shorter delivery times 
the differences between the volumes »>f water j 
and of milk delivered are larger and variable, j 
Note also that in the,case r‘. the pipette with \ 
u-tj secs, delivery time 1 the difference in the i 

1 Milk pipettes of 11 e.e. capacity for the Berber ] 
method are frequently made with about .‘1 or 4 sees. ! 
delivery tinij. 1 t 


\V. Scldocsser 2 gives the following values for 
the quantity of water remaining on the walls 
of pipettes when emptied at various tem¬ 
peratures : 


10 e.e 
Delivery 

Pipette. 

Time 20 sees. 

100 e.e. Pipette. 
Delivery Time 30 sjee# 

Temp. 

Volume <0 
Residue. 

1 Volume of 
lirM.lur 

'• 4 3 

0 007 

5-5 ! 0-200 

11 5 

0-007 

lo 8 0-224 

21-3 i 

0 001 

2 o-;i 0-210 

30-0 

0-002 

30 0 0 107 


The above results indicate that, apart 
from the effect due to the expansion of 
the glass, the effects of change in tempera¬ 
ture are negligible for temperatures not far 
removed from the standard temperature 
‘ !5 <\ 

Dimensions of Pipettes. The amount of 
liqtfid left on tlu inside of a pipette when it is 
emptied, the rk'to of drainage and the difference 
between the volumes of various liquids de¬ 
livered by the same pipette will- obviously 
depend on’the dimensions of the pipette. In 
the accounts of work relating to the behaviour 
of pipettes t l e dimensions of the instruments 
used are often not given, and the value of 
the results is not so great as it otherwise might 
be. -There is great diversity in the dimensions 
j»f pipettes of the same’ capacity made by 
different manufacturers. R would be an 
advantage if greater uniformity could be 
attained, and the Committee on the Starraard- 

* /eit. anal. Chetn., 1007, flvi, 413. 
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isation of Laboratory Glassware appointed by 
the Society of Chemical Industry recorolnend 
the following dimensions. 1 ' ^ 

i *’ i 


. 


1 


A« • 

Capacity. 

A. 

B. 

C(lnt.). 

c.c. 

min. 

mm. 

«. 

mm. 

1 

05 

110 

5 •£-(!• 5 ' 

2 

100 

115 

7-7-5 

4* 

] -\ 

120 

10-10 5 

6 

120 

120 

11-5-12 

10 

100 

liw 

1 .‘1-5-14 

25 

200 200 

17-IS 

50 

200 

200 

27-28 

75 

2(H) 

200 

30-31 

loo 

105 

2(H) 

35-30 


no. 21 . 


A pipette of the same tyye as those to be 

L calibrated and kyown ^om gravj metric deter¬ 
minations to be of the required* accuracy is 
used to Cali* 

_i • bmte the ^)i- 

~ 0 potto E. This 
® ! ts done by. 

lilling It fijun 

—j- n • the pipette of known accuracy in exactly the 

Instance of j SHne vvavGiatJhc apparatus is useiFin sub- 
Mark above J . * 11 

sequent call .rations. • 

'fill, biafik pipettes should he made of 
;about.mm.| | approximately «the same dimensions as the 
standard pipette used to calibrate E, and 
should have jets which give # a delivery time 
approximately oqyal fo that of th(fca»'$t^o 
standard pipette. •#-.** 

Troubles arising) 4rora small trae^of grease 
are said to be lessened if dilute acetic acu^is 
used in the apparatus Instead of water. 

(vii.) TiJJjes of Pipettes. 

—By far the mdfct usual 
fonlf of pipette is that 
shown in the figure Sc- 
table 
which 


companying the 
of dimensions 
follows Fig. 21. 






(vi.) Calibrating Pipettes. — An ingenious 
arrangement for calibrating pipettes, similar in 
principle to the well-known method of Ostwald 
for calibrating burettes, is due to S. English." 

The apparatus used is shown in Fig. 22. 

A WoulIFs bottle A, provided with two necks 
and a tnbulurc near the base, may be 
put in coihnninieatioii with a raised water 
simply B by means of the tap in the tube (-. 

The pipette 1) to be calibrated is inserted in 
an inverted position in tfte other neck of the j 
bottle as shown in the figure. A pipette. E, i 
provided with a capillary stem and a thrge- j 
way tap, is connected to A by means of-to i 
tube wliieli passes tbrougb ji rubber cork in i 
the tubtdwre of the Won Iff s bottle. 

'l’lii) appamtus is used as follows: the 
Woul IT’s bottle is completely filled with water, 
care being taken not to trap any small bubbles 
of air. The tap G is opened and water is 
forced from A into the pipette 1> until the 
pipette is full, any small drop of .liquid re 
maining on the jet being wiped off. During 
tins procedure the pipette E is empty anti not 
in communication with A. Wmen D is full t 
is shut off and the three-w;^'* tap opened so 
that water flows from L> into Hfand when the 
rising li.juif^ sotfae# r' a.'h -s the mark *m tin 1 
capillary stem the- threc-wnv ” i|> is fluxed. 

The standard jieri.nl for drainage is tInn 
allowed to clajise anil flic position of the 
water surfaee marked tho suction tube ^.f 
the pipette I). • 

The rale at which K fills is controlled by a 

■ r , »««. ..... 

*£! "z:;™ ■** 

■ i V* „ im«,lto calibrated : automatic pipette is the Mas pipette. It I. 

m laVveen each jiipotto calibrated . L imjlar tl , the ordinary; pipette but h«a . 

' V ,,,k fim'n Sn »l'o 'short capillary tube replacing tl» ordinarj 

. j ou r. S«r. (Jkm. Trchmihm, 1918, »■ 2UI--10. 1 


Kiel. 22. 


Sometimes q> bulb 
is blown ill the suc¬ 
tion tube above the 
graduation mark to 
lessen 4 he risk of 
liquids being drawn 
up yito the mouth. 

In some cases 
* pyxTtcs are made 
with a graduation 
mark on t he delivery 
tube in addition t<; 
the usual mark above 
•the bulb. Whan 
emptying suoli 
pipettes the liquid 
surfaw is brought to 
resf on t he loweiqjjia rk 
instead of allowing 
the pipette to einptj 
right down to th< 
jet. Such pipettes 
however, are not ii: 


cu^nnlfin use and the ordinary form is preferable 
in many ways. • • 

Giaduatelt pipettes will be dealt with aftci 
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lor}" suction tuly? and a short delivery tube | 
also, of narrow boi;e. iBoth euds of the pipette ; 
are drawn ort in the form of a jet and ground- ( i 
off square. The pipette is i'Ulecl from below I 
by means'of ?, rubber tube until liquid over- j 
flows at the top. The overflowing liquid is. j 
-collected in'a bowl-shaped glass vessel with 1 
a ^iofe in the bottom fitted with an indin- j 
rubber cyrk through which the top of the , 
, ’ pipette projects. Wlien the 

pipette is filled the top is closed , 
by placing one linger over .he 
top jet. The*rubber tuning is 
removed from the bottom.-Jet < 
and any liquid adhering to th!- 
outside of the jet wiped away, 
and then the pipette is allowed 
to empty hy ■“ removing the 
finger from the, top. 

The pipette is simple in con¬ 
struction, easy to clean, and 
gives consistent results if care¬ 
fully used. 

A secohd type of automatic 
pipette* which also has an 
overflow jet replacing the upper 

V graduation!, mark, is fitted'with 

a two-way lap below the bulb. 
In one position the tap 'con- 
I.' K j •>:{. ncets the bulb with a supply 
bottle for tilling and in the other 
with it delivery jet for emptying. The over¬ 
flow jet projects into an arrangement similar 
to that shown in Fig. 18 to carry away surplus 
liquid when filling. 

The pipette shown in Fig. 23 is filled bv 
applying suction through the tube A until* 
liquid overtiows A at the jet B. „ The jet. B h 
then closed by pressing a rubber'pad C, which 
covers a hole in tlic ( outer tube, aguiiLt the 
end of tlie jet. Thp pipette is emptied by 
, releasing the pressure on the.rubber pad. 

§(18) BuukTTKS. (i.) F'rndunti r//rv. — AK 
burettes accepted for the Class A Tests of ; 
the National Physical Laboratory or for tests 
at the Bureau of Staryianis or the Keiehsan-" ' 
dfcalt must, have then- graduation mavks carried ( 
out as shown ir. Fig. 24. 1 Every tenth line, is 
‘ carried completely round the tube and nipv j 
bered. The shortest graduation murk# extend 
half-way round the tube, and the lines midway ' 
between the numbered marks are intermediate 
• in length. The tap should be sealed to the I 
burette in such a position that when the ! 
burette is placed in a afand with the vappri j 
•the usual prisi/ion (Ac. so that it is operated , 
by the right hand) the ends of the shortest 

1 In addition to illustrating tit im-thod of gradual- 
kit?, the two jihototirajihs'ilso show the effect of uslim 
the method of screening the liquid surface previously 
' dfscriiwd (see p. 7W). Tin- photograph on the left 
was taken against a white haekground. Tin* other 
piiotograph was taken immediately afterwards on 
*the si me rnepiscus and ifgaiust the same background, V 
but with the paper sefeen in position. ' 


marks lie on a line running centrally down 
the front of the burette. .The graduation 
marljh and the emm’beir then appear as shown 
in Fig. 24, when the burette is virhVed from 
the front' 

-This method of graduating burettes has met 
with considerable critic isnt,' and it is therefore 
necessary to consider the matter in detail. 4 

When reading a burette an observer should 
perform three distinct operations, viz. : 

1. Bring his eye exretly to the level of the 
"liquid surface. 

2. Note the reading. 

3. Assure himself that his eye is still at the 

right level. * 

A good observer performs these operations 
automatically and without, conscious analysis 
of his actions. 

With burettes graduated as previously de¬ 
scribed the above operations can be carried 
out with extreme ease and rapidity. By 
placing his eye so that the front and back 
portions of the line nearest to the liquid 
surface are seen to coincide, the observer at 
once brings his line of vision into the correct 
position. The reading is then noted and a 
final glance at the graduation mark suffices to 
ensure that the eye is still at the correct level. 

Errors due to parallax can thus be practi¬ 
cally eliminated with the minimum of trouble 
when using burettes graduated in the specified 
manner. Moreover, the feeling of absolute 
certainty on the p.irt. of the observer that 
this has been achieved is not. to be under¬ 
estimated. 

- A very large number, probably the majority, 
of the burettes manufactured, however, are 
not graduated in the above manner, but simply 
have short graduation marks down the front 
oF the tube. Every fifth and tenth line is 
somewhat longer than the rest, but with none 
of the graduation marks is it possible to 
eliminate errors due to parallax in the manner 
described above. 

In chemical literature and standard text- 
' booh.i numerous device 0 ., e.g. floats, attachable 
mirrors, and reading telescopes, burettes with 
silv.Med backs, burettes with enamelled backs, 
etc. etc., areedescribed for use with burettes 
graduated with short linep oiVy. The object 
of (hft devices' is to obtain increased accuracy 
jn reading, and many of them aim at, and 
others we ermneou«ly supposed to achieve, 
the elimination of Anus due to parallax. 
r l*he very existence of these devices is a con¬ 
demnation of the. type of burette for which 
they are designed. 

There is only one objection to carrying the 
'lints round the tul>o which can be urged with 
any serious claim to consideration. This is 
that the length of the lined gives thc r bhrctte 
d confused appearance which Js trying to the 
eyes. Tl/Is is no* doubt true if one glances 
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casually at such a burfftto, bid if, as should j 
be the case when the burette is in usei one’s i 
attention is concentrated on the gradliation ! 
marks it*the immediJto iieigY m urhood|d the*! 
liquid surface, no sense of confusion arises, in 
fact quite the reverse. The fact of being able t< * • 
bring the front aiid^nick portion of the line li Air- f 
cat the liquid surface into coincidence creates*: 
u sense of eertainty^rather than confusion. i 
The objection raised that the bftrettes are | 
much more difficult to manufacture when tha i 
lines are carried round • • 

the tube instead of g- * f - - v 

merely being engraved i 
on the front is simply 
a question* of using 
suitably designed 
dividing engines. 

Dividing engines are 
obtainable which will 
carry out graduations • 
in the spccilied manner 
just as readily as short 
graduation marks. 

Finally, it is not 
without signiliciince 
that in the case <>{ 

Masks and pipettes 
where it is extremely 
easy to carry the line, 
completely round the 
tut, ■* no one has sug¬ 
gested that a short. 
line on the front only 
would serve equally 


(ii.) Method* of tiding 

]>nr<tU'*. — When a • ,-- ^7" 
burette is emjitied say 
from the 0 c.e. mark 
to the 50 c.e. mark, 
the voluble of liquid 
which is delivered will • ^■- 7 fc flfc 

vary with the ry,te at 
which the burette is 
emptied. Again, for • 

anv given rate of delivery «tho read ill g of* 
the final position of the lityiid surface* will 
vary with the amount of tftne which elapses 
between closing the .tap and taking the 
reading. Vhi* is* due to tkf drainage of 
liquid froiii the walls causing the Ijfluid surface 
to rise in the tube. • m 

It is therefore oh^ioi^i that the actual volume 
of liquid delivered by • burettt can onl.w-be 
in agreement with t he •volume* indicated by 
the burette when definite conditions of use are 
adhered to. # 

In order to he in a position to define con¬ 
ditions of use vdiieh will prove satisfactory, 
a necessary pruJiminarv is ko obtain exact 
information concerning the effect, on ^hc 
volume dekvA-ed of altering U 40 delivery* 




time 1 and also the effect of drainage in altering 
the burette readings. • # 

Very valuable information oft these points 
has been obtained at the Bureau # of Standards, 
to which Reference will be made later (se^ j*. 
807). The following account ^>f a recent in¬ 
vestigation aarried out at the National Physical 
Laboratory will serve, by concentrating on ft 
particular case, to bring yut clearly the g**eat • 
variations in the volume of watei*delivered, 
and in tl. - bufette readings obtained, whicl» 
i may be obtained toy’ 

varying tin; condi¬ 
tions of use. Tho 0 
results also indicate 

# equally clearly # the 
means by wliffT ^wh 
variations * fhay be 

* minimised do. a<*ual 

t use. • • 

A 50 c.e. burette 
was used fit 1 !' the ex¬ 
periments, ajjd the 
length of the gradu¬ 
ated portionrfrom the 
, % c.c. mark to th<^ 
50 c.c. mark was 554 
mm. The first, scries 
of experiments 1 >*be 
described provide 
data relating to the 
drainage of water 
down the walh*of the 
burette. 

The burette was of 
the type for use uith 
a jet •attached by 
means of an india- 
rubber tube. A series 
^'•f six jets was used, 
and file diametfTS at 
• the outlets wen* such 
that the times re-* 
qiiirod to empty the 
burette from the* 
^ ## * 0 , c.c. mark to the 

50 c.c. mark were ♦respectively 21 sees., 
40 sees.,*75 secs., 115 W, 101 sees., ufld 
222 sees. • * 

• fl'he burette *vas mounted critically i* front? 
<4 a raiding telescope provided with a micro* 
meter eyepiece.* and so situated that the 
50 c.c. mark on the burette was somewhat 
below the ccntre # of the # field of view. Th# 
burette was allowed to empty freely through, 
•lie of the jets, tl* uutflm^ being stopped 
when tlio meniscus waf nearly ^it the 50 c.f. 

1 By the “delivery time” or “time of outllow” 
of a burette is ufant, the time occupied by the 
unrestricted outllow (i.<* free delivery with tfl|> 4 
fully open) of water from the zero mark to the 
lowest, graduation mark. By “ drainage time “ i* 
meant, the time which elapses between closing the 
tap and the moment of reading the position of the 
liquid surface. * * -• 
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to the curve deduced •from the microscope 
observations. 1 • t 

The essential‘points to.notice about | ]ig. 20 
are the steepness of Hie ini^l portion |>f the< 



Drainage Time * 
Jj’IO. 20. 


IttO 200^221 
Sic a. 


curve and the gentle slope of the latter 
portion. Thus, for exrPmple, changing the 
delivery time from 21 sees, to 42 sees, produces 
0 1 c.e. change in the volume delivered. A 
change from 110 sees, to 220 sees., i.e. the 
same, percentage change as before, only pro¬ 
duces a difference of 0-0.4 c.e. in the volume 
delivered. A change from 110 sees, to 121 secs., 
i.c. the same absolute change as in the first 
case, produces only 0-01 c.e. difference in the 
volume delivered. 

Wo may now consider the bearing of the : 
afiove tacts on the method of calibrating and 
using burettes. 

In the first ease consider the above 50 e.e. 
burette to have been calibrated for a quick 
delivery time, e.y. 21 sees. In calibrating 
the burette the time of delivery would have # 
to he rigidly adhered to o\fing to the changes 
produced ii^ the volume delivered by .small 
changes in the delivery time. The magni¬ 
tude of the changes in volume delivered 
from thf 0 e.e. mark to the 50 e.e. mark pro¬ 
duced in this wav may be seen from Fig. 20. , 
The slope of .this curve in the neighbour¬ 
hood of 21 sees, corresponds to a change 
volume of 0 02 e.e. for 5 sees, change in <lelive^ # 
time. • 

Again, the burette reading would hi^vc to 
la* taken at some definitely specified time 
after closing, the tap, because the rate of 
drainage fs rapitf. For cxaiflplc, at v the end 
of l minute drainage time the rati* of drainage 
is approximately 0 05 e«e. ])er piiuyite. 


must he specified which cannot be depaited 
from without introducing serious errors. 

Next,*by way of centrist, let us consider 
the calibration of the above burette for a 
long delivery time, e.g. 222 sees. The dvliveiy # 
l ime may he varied by about 45 s«*cs. witlfout 
•T j «j changing t(ie volume delivered from the 0 e.e. 
-J— ft ; maVk to the 50 e.e. mark by more*than 0 01 c.v. 
Again, from Fig. 25 it will be seen tfiat,the # 
amount of drainage which takes pja.ee in the 
hot ten minutes is such that i\ wouk^ 
produce visible change in the burette* 
rdfidi: g. 

HAice, suppose a 50 e.e. burette to be 
calibrated for 222 secs, delivery time ami no 
•drainage June, then when the instrument 
ijj actually in u*e tfiese oonditions««w^» # bo 
varied quite appreciably to suit ft lie con¬ 
venience of flic %isef without greeting, the 
accuracy of tliy results. 9 # 

The advantage of burettes calibrated for 
long delivery times is clearly established by 
the above considerations. 

tf the delivery is unduly long, Tutvvever, 
the burette becomes tedious to ii|e. It is 
clearly necessary thoygj), in order to ensurj 
satisfactory result, that minimum delivery 
times must be fijTed. These minima should 
be as small as is consistent with accuracy ill 
, order to effect economy of time. 

The Bureau of Standards 2 fixed the mini¬ 
mum delivery times for burettes admitted to 
1 licit tests on a thoroughly‘sound basiy. The 
minimum delivery times chosen* were such 
Unit for burettes of customary dimensions 
the maximum drainage from any ini trial 
emptied which occurs during* the first two 
minutes after stopping the outflow amounts 
to ft hunt <M|5 mm. ehange,in position of the 
vfator surface. 

The minimum delivhv tifiie permitted for 
the 50 c.e. burette u^ed in determining the 
data for Figs. i5 and 20 is 105 secs, accord; 
ing to the Bureau of Standards regulations, 
’it will he seen from the figure that th§ 
above condition as ,t*> # drainage is amply 
fulfilled in the # ease*of the 50 e.e. interval 
consider'd. • • 

The. minimum delivery times specified thus 
practically oljjninate all errors due lo^/lmngl* 
Jn petition of the liquid surface eaffsed by 
drainage, provided that the reading is taken 
any time within a few minutes after the re- 


, . , .. - t ^ „ quired amount of liquid lias been run out 

f. therefore, a* bitf-ctte is calibrated tor a 1 • 1 • . .. , « 

, x- * i the^burette. 1 his allows a valuable latitude 

ouiek dehvery time, rigid conditions of use 4 • 

•j uk a omvoy , ^ ; # to tlio user Without loss of accuracy. 

1 Aetuallv the burette was found by weighing Further, with the delivery •times specified 
t,o deliver 41)041 e.e. in 2*22 seconds. All flu values 


found bv weighing were increased by (SO - 45)^41) e.e 
u, bring them interline with the assumption that. 


small vacations in the time of outflow caused 
by not havingfthe tap fully open when tlie 
burette is in use are *>f far less serious eoisc* 


to bring them inte # lim* ............ ... ■.■«-- 

50 e e. were delivered in 222 seconds, whim “as 

mule in deducing#’/*/. 20 from Fig. 25. This assump- , .. . 

tki tf"alle for tlS sake of simplicity, and the rouse- quenee than with burettes calibrated for short 
uucfct adjustment, of the results obtained by weighing, j tieltvery times, 
in no wav affects the validity ot any of the conolwons i J 

ilrawn fronuthft curves. . • 1 . 3 Bull. Bureau of Xandards, 1008, iv. 483. . 
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The delivery times specified by the Bureau 
of Standards are given below, along with the 
National Physical l/ilxratorv.times. " 
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allowed are those eorresnomling to the next larger 
tabulated length. ' 

The minimum times speeded by the Bureau 
of Standards and for the National Physical 
laboratory ( lass A Tests are practically the 
same. The maximum times ditfer, hut the 
exact value of the maximum is unimportant 
providod it is not so large as to make* the 
burette too 'tedious in use. 

The minimum times fixed for the N.P.L. 
Class B Tests are approximately 30'per cent 
less than the corresponding minima for the 
Class A Tests. This is rendered possible 
because a less high degree of«accuracy is 
aimed at in the Class B Tests. * € * 

The'delivery tnno£ g'iven a bote are longer 
than those in general iiy. One reason for this 
is that the official German regulations specify 
much shorter times. The times specified are: 

t * 

f *' Length of * , 


l Gradual! 

•<l Portion. 

1 Minimum 

Maximum 

, _* . — 

< 

! 'rime of 

Time of 

! Greater than 

Bpt not 
greater than 

Outflow. 

Outflow. 

!* «•, 


i 

K 

i nun. 

mm. 

sees. 

sfVs. < 

1 

2(H) 


35 S 

200 

350 

35 

45 

#, 350 

i 500 

45 

55 

! 500 

700 * 

t>5 

70 

f 700 

_ 

1000 

_l _ 

, 70 

90 ' 





It will be 

seen that in 

general the inaxinnnn 


German outflow times are lesj than even the ! 
•N.y.L. H minim inti times. j 

„ Standard German burettes are tested for i 
the above delivery times, and allowance* is 
jpado £or 30 sees, drainage. Corrections arc j 


' certified to 0-01 e.e. iff the conditions of tost 
are strictly adhered to, .these values may be 
repeat'd. Small variations in* the conditions, 
# snch Is are practically fiound to ocigir when 
the burettes aro in "use, introduce errors not 
„only in excess of the degree of accuracy to 

* wliruh corrections are certified, but in excess 
j /d the total error tolerated For example, a 
! delivery time of 55 sees, would he considered 
rsatisfactoig’ for the 50 e.e. burette to which 
! Figs. 25 and 2i> relate. Vet this burette 

delivers Jhc following 'amounts in excess of 
the volume delivered in 55 sees. : 

For 70 s('ea. d*o lively time 0-02 e.e. 

„ 90 „ 9 „ „ 0 04 e.e. 

t. * * » 

j In addition, to this the rate of "drainage is 
| by no means negligible f« r the minimum 
; times of# outflow' permitted by the German 
i regulations. 

This official sanction of short delivery 
times combined with the fact that tin* un- 
j certainties attending the use of such burettes 
are not generally recognised has led to the 
general use of burettes with quirk delivery 
times, tin 1 delivery times being in many 
cases considerably less than even the specified 
German minimum. A more general use of 
burettes with longer delivery times would bo 
a desirable reform. 

The exact method of test adopted at the 
X.P. L. fur burettes is given in the following 
i section. By virtue of the length of delivery 
! time specified the only demand made on the 
user in order that the values found in the 
tes^ may he reproduced in actual use is that 
wlfen emptying the burette the tap should 
*ho kept fully o|mju. Fven small quantities 
at a time may he emptied by sharply turning 
the tap fully on and then olT again. With 
Class A burettes the sum of the volumes 
obtained by emptying a given interval in 
successive stages differs only slightly from 
1 the volume delivered when the whole interval 
is emptied at once, provided the above 
condition is fulfilled. 

* It is? of course,, not feasible to keep the tap 

fully open when nearing the end point of a 
fifra«on. The las'! e.e. or ..o must he added 
slowly. In effect, however, this simply 
amounts to a j/nall increase in' tli£ drainage 
time wffieh has been shown not to introduce 
serious errors. Moreover, a similar condition 
exists in the Method of test (see (iii.)), as the 
ratq of outflow is re^ueeif when the water 
surface is about 1 cm, from the mark to he 
tested in order to control the motion of the 
menisreis and obtain an accurate setting on 
the mark to be test is 1. ‘ 

Thft final reading of the tyirette may he 
taken at the user’s convenience uitfyjn, a 
reasonable time after the required volrtme 
fias^neen delivered. < For reasons given pro* 
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viously it. is unnecossaty to observe a definite 
drainage time. 1 

If readings Other than tj^e 0 c.o. mirk are 
taken ^ the initial feadingyio seriouj e»ror.* 
are introduced. 

(iii.) Texting of Burette#. — ThA ft illowmg* 
account of tlie # regulations governing •the* 
testing of burettes at the National Physical 
Laboratory is bn-qgd on the test pamphle< # 
previously referred to. ^ % 

The only burettes admitted to the Class A 
tests are those with if tap permanently sea Ini 
to the instrument and graduated as shown 
in Fig. 24. In additionMo tliesr, however, 
burettes with short* lines, •burettes for use 
with * detachable jets, and* also. oiumel 
back’’ burettes are admitted to#the Class B 
tests. * 

The time of outflow must be marked on the 
tubes of all bundles, and the actual time of 
outflow must be within the limits, which 
have already been given in (ii.). Further, 
t he marked time of out How must not differ 
from the actual time of outflow by moie than 
the amounts given in the following table : 


Marked Time of 
Outflow. 


sec*. 

50 

100 

150 

200 

300 


Maximum Difference allowed 
between the Marked Time of 
Outflow and the \* tual 
Time of Outllow. 


4 

8 

12 

10 

20 


adhering to the tip after the setting has been 
made is removed by bringing the side of the 
receiving vessel into <hnbt< t wfth the tip. 

The zero mark is always taken as the starting- 
point of/he intervals tested. # g * * 
The volume of the. water ‘delivered in the 
above mariner is determined % by weighing, 
using the counterpoise method previously 
desc ribed in detail in connection with lla^ks. • 
'j'ho tolerances allowed are: * • 


•Total 
t Capacity. 


■ Maximum lirror allowed ;i1 any 
I 0 Point and also Maximum 
p Difference allowed between the 
i Krrorsat any Two Points. 


*• 1 

^ Cla#i A . ] 

Class U « 

e.c. 

■*<\e,s. 

* *.C.S. 

2 

• Otil 

0 /I ' M 5 • 

10 

L 0-02 


30 • 

‘ (P-U3 

0 05 


0 01 

'#•07 

75 

• 0-00 

0 lo 

100 

0 08 

0 f t. 

200 

*115 

025 


Volumetric method.* testing burettes rufi 
nol employed at the National Physical 
Laboratory or an# of the similar institutions 
in .other countries. Such methods, e.g. Aiat 
of Ostwald, which is very frequently quoted, 
are. not to he relied upon to the same extent 
as gravimetric methods. In the latter the 
conditions are strictly comparable* witti those 
existing when the burette is in use. With 
volumetric methods the conditions, particu¬ 
larly the time of outflow, the importance of 


The above provision enables a damaged J which has boon shown previousfy, may depart 
delivery jet to be replaced •by one giving the 
same delivery time and consequently deliverin; 


the same votumes of Ii<|aids. The method of 
test adopted is as follows : 

Burettes are clamped xertieallv for test. 


widely from those under which the burette is 
user?. • • 

§ (i!)) (Ikaduatki) i'li’inxKs. - (Graduated 
pipettes consist of a glas.t tube drawn out to 
a delivery jet at the bottom and open at the 


and filled with water to a short distance j, top. The internal diameter at 1 he top is sueh" 
above the zero^mark. Water is then slowly j that the pipette can be easily closed and the* 
run out until the meniscus is exactly on tin outllow of liquid controlled by pressing one 
zero mark. The drop adhering to the tifr i linger on flic toj#,if tk* pipette, 
is then removed by bringing the tip into | The pjpetles an**gftu^iatod in euhie ceqfi- 
contaet with the inside of a glgss beaker. ^The 


instrument is then allowed*b^deliver freely, 
i.e. with the. stopcock Sully open, into a clean 
weighed vassef. ft is necessary, howler, to 
arrest the’lull How of liquid in tiqje to obtain 
control over the linnl mnvemen^ of the water 
surface and to hrjn<%the meniscus to rest 
accurately on the line# to lie •tested. f #li 
instrument is therefor* allowed to deliver 
freely until the water surface is apnn.xi 
mutely l cm. from the .line to he tested. 
The rate of outflow is then reduced •and 
the motion of th •water surface brought under 
eonV'i »<) that*an accurate setting can be 
mad? on the line in question. No perpxl 
of waiting for tlrainage is allowed. t The dn«*p*! 


The pjpetles are* gftuhiatod 
metres and fractions of a cubic centimetre 
as in the ease of buret h*. In Rome ease^ 
^te pipettes lire arranged to delive£ their 
t#»ta 1 Capacity when emptied down to the 
jet, and in others the lowest graduation 
mark is some distance above the jet. Th<^ . 
mode of graduation shdfcvn for burettes in • 
Fig. 124 is well adapted for graduated pipettes* 

The sa^ie considerations as to^ delivery 
time and drainage time apply to graduated 
pipettes as hav«^heon#dealt with in the cq^e m 
of burettes. The same tolerances on capacity, 
and regulations as to delivery time are em¬ 
ployed at the National Physical Laboratory 
for graduated pipette# gs for burettes, it 
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is specified, however, that the graduated 
portion must not 'exceed ‘55 cm. in length. 
This provision ik to t«xch?de graduated pipettes 
which, .being unduly long, are difficult to 

* m'tnjpulate. ,, , 

There is not such eojnplete control in the 
manipulation yf graduated pipetted as in the 
case of ►burettes. Tlvy are mainly useful in 
• *aase£ where variable# volumes of liquid have 
to be mo.mrred to a somewhat less high degree 
£f accuracy than is usually 'demanded of 
burettes ol’ the same capacity. (? rad initial 
pipettes of small total capacity^ e.ff. J v.f. or 
hss. are more frequently used than ones oj 
larger capacity. % y ( 

§ (i'Jji^f'IlADUATKI) M> ASI H1N<: *QtI.ASSKS.— 

Gritii'ated lyoasuring glasses, both eylindric;V 
and conical, are extensively i^sed f for measuring 
volumes ofr Rquid rapidly and to a moderate 
dogfe£ of accuracy. « • 

Conical,measures are mostly graduated in 
terms of imperial units, viz. fliyd ounces, etc., 
and cylindrical ones are more fre<|ueiVly 
graduated in terms of metire units. Cylindrical 
measures'are the more reliable because the 
Regularity in diametef gives them a uniformly 
spaced scale which can he valihrated and rfad 
more accurately than the traded scale of 
a cSuical measure. , 

The internal diameterof cylindrical measures, 
particularly when they arc mould blown, is 
liable to considerable variation near the base 
of the' instruments. For this reason it is 
recommended by the National Physical Labor- 
. atory that the graduations should lie omitted 
from the bottom portions of the cylinders for 
a length corresponding to one-tenth of the 
total capacity. 

Graduated measures should *»tand fifmlv 
when placed on ,a levoidable, and the Brreau 
of Standards also require that Che base must 
be of such a size that<he measures will stand 
'on a plane inclined at 15° to ttie horizontal. , 
f Graduated measures are calibrated in somy 
cases for “ content *’ and in others for “ de¬ 
livery,'' and should Ifyyr an inscription in¬ 
dicating the method yf f us<5 for whif fy they are 
intended. 

e When calibrated for “ content ” cylinders 
may fj*- tested by weighing the. water whit If 
they contain when filled to the grafiuati<*n 
mark to be tested, or by filKng them from a 
^arefully calibrated delivery' apparatus similar 
i to those described iir connection with flasks. 

* Measures calibrated for “ delivery ” ar« pro¬ 
vided with liy^s,tind qj testing are emptied 1>V 
gradually inclining them, until, when the con¬ 
tinuous stream of liquid has ceased, they are 

« nearly’ vertical. In this position they are 
allowed to drain for half a minute, and the 
lip is then stroked against the. inside of the 
receiving vessel to remove any drop of ytfuter 

* adhertng to Jhe lip. * t 


| The tolerances alldWcd 1»y the National 
j Physiol 1 Laboratory are given in the table 
! below, I >iilv cylinders graduated for “ content ” 
| lieing Iflmittcd /> tfoe Class A tests. • In the 
I case of cylinders submitted for the Class A 
; "iests the graduation marks must be carried 
'rouftd the tube as described* previously in the 
; ease of bureltes intende d for the Class A tests. 


Total 


Maximum Error allowed at any 
Poin*. and also Maximum Difl'croncc 
allowed between the Errors at any 
Two Points. 


i parity. 

Class .T. 

Class B. 

f _ 

t. 

Per Cfiiteut. 

Eor Cunt-'iil. 

♦'or Bravery. 


« 

+ r.o. 

+ <;»■. 

+ C.O. 

rj 

004. 

0(K> 

008 

10* 

00G 

010 

012 

25 

0-10 

0 15 

0-20 

50 

# 015 • 

0-25 

0-30 

100 

0-25 

0-40 

<>•50 

250 

0-50 

0-8 

10 

500 

10 

1-5 

2 0 

1000 

1-5 

2-5 

30 

2000 

2-5 

4 0 

Ml 


The report of the committee on the stand¬ 
ardisation of laboratory glassware 1 gives the 
following as suitable dimensions for graduated 
cylinders: 


! j Caiiadty. 

PliUlM'tiT. 

1 n,inht. 

1 mfrull, 
j St<il»lKTwl. 

Iliffchl 

OMTiklt, ( : ll 
$t" [►!)!■ rril. 

l >i.n nrt it 
j of Knot. 

/"« 

13 

.nm. 

110 

| linn. 

! 35 

f j 10 

15 


125 

i 35 

25 

20 

‘ c 2<X> 

200 

; 45 

j 50 

24 

1 240 

200 

no 

j 100 

31 

290 

240* 

i GO 

250 

41 

380 

330 

: 75 

• 600 

52 

480 

380 

, or, 

luoo 

07 

i MO 

440 

115 

; 20uo 

82 

; 010 

COO 

130 

, L... 

— — 



... — 


r § (21) Standard Brass Mkasirks. —The 
Board of Tra<k> have, standard measures of 
capacity constrqcted of They are very 

solidly made cyKnders piovided with stout 
handles. The ftase of f,hc cylinder is closed and 
finishejl off parallel to (he trip, sMhtft yvhen the. 
measure stiyids on a level surface the top of the 
measure is horizontal 'The volume contained 
by the measure is detgnnjned by means of a 
gi.ma “striked’ This* is a glass plate with a 
small hole in the centre. To obtain an exact 
quantity of yvater in tho measure it is tilled t 
until 1 'the yvater surface is slightly above the 
fc'vej of the rim, the liquid being prevented 
from overflowing by tho action of surface 
tension. The ghiss “ strike* is thcn*fifmly 
passed on one edge of the measure/ and 
' • 1 Jour. foe. Chemf , nd. l 1919, xScxvlil. 285 Jl. 
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pushed across the top, thus sweeping away 
the excess of w.ater in front of it, until when 
the strike is in the ■fwsitJlor^shown in 27, 
the metlfeure is exactly fidl oiiwater. J * 


_c 

. 

% 




• • 



\ 

t 


Via. 27. 

\ 

A/** 
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{5 (22) Mkasukkm'ivxts ok Vomtuks of 
fiASHS.—In scientific work the m'-Ksuremeflt 
of volumes of gases mainly arises in connection 
with the analysis of ^ases, and in the analysis 
of substances by measuring the quantity of 
gas evolved when a knowft weight of* the 
substance is tn^de to undergrt a suitable 
chemical reaction. 

A large variety of different types of apparatus 
have been designed for particular purposes, 
but it is beyond the seojfe of the present work 
to deal with these in detail. We shall continc 
ourselves solely to the actual measurement of 
volumes of gases, leaving the leader to refer 
to such hooks as those quoted below 1 for full 
information as to the manipulation of the 
various types of apparatus and the particular 
operations to which they are adapted. 

For most purposes it is sufficient to assume 
that gase» obey the well-known law 


The simplest form of apparatus for measuring 
volumes^of gases in the tiftd manner consists 
of two cylindrical glass Hu lie? connected to¬ 
gether at 4he. bottom by means of a # length 
of india-rubber pressure tubing. # One tu^»e*is • 
graduated and closed # at- the fop by means of 
ft # tap, aifd# the other is opeg at the top. 
Mercury fills a porting of the apparatus, aftd 
by raising the open tub^and opining tli* taj* 
of the graduated one the latter <liq he com¬ 
pletely fib d Vi^h mercury. Tin* gas to h% 
eyas irod* .s drawn in through the tap*bf 
lowei ug the open tube, and, on closing the 
■ .■*' . 1 • '* *s lead off 


i, 


/V1 
T, 


P 2<2 


J 


Owing to the large variation which takes 
place in the volume of a given mass of gas 
with change of pressure, and temperature, is 
necessary to state in conjunction with the* 
volume of a gas the partfcular pressure and 
temperature for which the given volume is 
correct. In many eases it is desirable to 
reduce the observed volume of a gas to the 
volume •which the gas would occupy under 
standard conditions of temperature and press- - 
are, \iz. a temperature of 0 ° and a 
pressure equal to that of 7<i0 mm. 
mercury at 0 ° C. and under standard <$ravit$ # 
Hence tables have been prewired to facilitate 
this reduction, which mayjte found in^nany 
hooks of physical and chemical tables. - 
Tliere are t#vo Jistintt methods of measuring 
the voluyte of a gas. viz. : • 

(i.) Observing the. volume intea graduated 
vessel, the temperalurfl and gprcgpure being 
noted but rcnnrinitg practically constant 
throughout a series of observations. 9 
(ii.) Observing the pressure exerted by a gas 
when it. occupies a space of known volunj *. In 
this case also the temperature must be noted. 

1 Sp<* such boqks ns Stwiti of (in sen, by Or. M. W. 
Travers* Methodstf flax Analimg, by Or. W Hempel; 
an (LMrthodsof AifAvoli/sis, by nr. .1. S. Haldane, etc. 

2 *£f 7 . “ Smithsonian Tables/* etc. A convenient 
form of table-to that, compiled by Or. (5. lyitTanQ. 
given In Thl Chemist's Yearbook, 102# edition. • 



Jap, the volume of gas enel. 

, after first adjusting tdjpo 
height, of j flic open tube, so 
ihut the mercury surfaces in 
each tube are at the same 
level. The pressure of the 
gas is theij^ e^ual textile pre¬ 
vailing barometric pressure. 

More accurate results are 
<drained if the ojien tube 
remains fixed in position and 
the mercury levels are ad¬ 
justed by means of a luVcurv 
reservoir connected as shown 
in Fuj. 28. Thedas burette 
A,and the pressure tube 15 
can then be enclosed in a 
water-bath and so maintained 
at a uniform temperature. 

If the tubes A and 15 are 
of the same internal diameter 
no correction is required fot 
the capillary action at the 
mercury surfaces in the two 
tubes. If the tubes are ot 
different diameters a suitalllo 1 jo. 2S. 
correction must he allied. „ 

The apparatus just cleicribed can obViously 
he used for making •measurements by the 
, second method^if the mercury surface is always 
.brought to the same mark on the tube 
The difference in level of the mercury surfaces 
is then measured J # * ordain the difi’erf*nce 
between the pressure# of the enclosed gas gnd 
that of the atmos])liere. 

i It is more usual, though! when using the 
•ft'eond methted to arrange that thc^lube fi 
; •icts jfs a barometer, i.e. haw a vacuum above 
the mercury site face. The top "f 15 is made 
so that it can he closed, c.<j. by means of a i 
I ground-in stopper with » mercury seal. Tift ?4 
i meteury reservoir is raised, both A and 4 
•being open at the # ton. until 15 is completely 
; tilled with mercury. The top*or the lubc # K 
i is then closed, and on lowering the mercury 
! reservoir the n^reun# level falls in J5‘ leaving 
1 a vacuum above the mercury surface. * 

J The gas to he measured is drawn into A I A’ 
j lowering the mercury reservoir, A being 
; •initially^full or mercuKy. The tap at Hie toj# 
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of the gas burette is then closed and the 
mercury reservoir adjusted until the mercury 
surface in A stjfnds at tit? selected mark. The 
difference in Itvcl of the mercury •surfaces in 
A*a^d*B tljcn gives directly the pressure of 
the gas cnelosed # in A. 

When using^the above “ constant volumy ” 
ntcthoi^the graduated tube A may conveniently 
the rtplaced by a bu 4 » of convenient capacity 
scaled to # a*capillary tube carrying a gradua¬ 
tion mark on which the m^rcTi.v surface is 
Tihfavs set when making a mca#uremeq^. 
Another alternative is to u*‘ a cylindrical 
J,mlb which has small pieces of opaque glas^ 


sealed to the insi%le and hent downwards to # conditions. 


as the air enclosed in A. Since, however, tho 
conditftns of temperature and pressure are 
always such that ilic*air in A occupies a con¬ 
stant ^>lume, th|/) it.foimws that the Volumes 
measured in B on different occasions are strictly 
•comrmrabjf, without applying any correction 

* for Temperature or pressure.# 

• Obviously, if the quantity of air in A is 
^.djlisted initially so that *hc mercury levels 
in the maflometyr are opposite the lines on 
the manometer tube wljpn the air in A is at 
04 C. and•under a pressure of 7t»(> mm., then 
the volumes subsequently read off in B will 
ho automatically etftrectyd to those standard 


that # tlie tij), which is i||a\vn out a point, 
is Several such indicators may l># 

placed af cTiffcrcnt heights within the hulh. 
Whefv mal*ii*g a measurement the mercury 
surfer* is adjusted unlil # the piint chosen as 
the reference mark coincides wit it i^s image 
in the mercury surface. # 

The necessity for making observations^ 
temperature and juvssnre # may he eliminated 

f _if absolute volumes are 

« !; || *o4 required, hut merely 

; '{ 1 a series of volumes which 

|j ji ! ■ 1 ' | are ci"Sparable with each 

oilier, c.if. in determinyig 
the percentage composi- 
| i j ij | 1 /\ I tion "f a gas it is 

M jj lij Kullicicnt. to know that 

I ll lei I the measured volumes of 

▼ f || | I |j the constituents are in 

the same' ratio that they 
would hear to each other 
if reduced to standard 
conditions. ( >bscrvati<ms 
of temperature and press¬ 
ing may in such (#»ses 
»he avoided* by the use 
of*a ■ •onipensating bulb, 
ihe priiv-iple of which is 
shown in Fi<f. 2ff. The t 
luhe A contains air and 


M 


A* compensating bulb is employed id Dr. 
Haldane’s apparatus, the potash absorption 
pipette being constructed in such a way as to 
serve alsrt as the manometer of the compensat¬ 
ing tube. 

In eases vjiere tlicenses to he measured are* 
not dry i< is important to ensure that they 
shall he saturated with water vapour when 
taking measurements of (heir volume. Correc¬ 
tions can then be applied by using the known 
values of the vapour pressure of water at 
various temperatures. Saturation is ensured 
by placing a small quantity of water above 
the mercury surface in the gas burette. In 
such eases if a compensating hull) is employed 
tiiis should also contain sufficient water to 
ensure sat mat ion of the enclosed air. Similiirfy 
a small quantity of wutfer may with ad\antago 
he placed above the mercury surface in the 
barometer tube of ’constant volume” ap¬ 
paratus. 

} & (2.’{) C.vi.iim.vTioN nrti.is Bi ni/nivs.—(Ins 
burettes ate calibrated before assembling them 
in the complete apparatus. A two-way tap is 
sealed to the lower end of the lunette. With 
the t ip iii une position the burette can be 
filled with mercury from a eonvenieu ttar placed 
reservoir. I»y turning 1 lu. tap into its other 
communicating position niensyy can lx- run 
from tile burette. A volume of inereiirv eor- 


t 

% 

0 


U 


tis iynneqfed to one limb y^sponding to the interval to be veiitied is run 


of f. fnanoinetei^ M, Cue 
other limb of which c- 
, connected to the tap 
at the top of the ga$ 
burette B. Befori*readt 
ing the •volume of gas 
in B the height, of the 
tfm-roury reset voir R is 
the merc ury surfaces* in 


fdjusted so that 
the manometer *eeupy definite posit ions de- # The 
fiifed by lines engraved on the manometer 
tube. The volume of air enclosed in A is 
# thus kept constant, eve% though the tempera- 
tuit* of the water hath and the pressure of the 
rftmosphere may vary. The gas in R is always 
under the same conditions as to tcmperatlire 


ml from the* e is^mretle in the above 
and vveighed. the* temperature of tin' mereiny 
bi'ing also noteij. * Tables for calculating the 
volume of the mereui*,' from j.he observed 
weight have be«i given previously {see Table 
p. 7Mi). # 

It is imyortynt t.h.ut the tap for delivering 
the mercury from the* hufctV' H h<»uld be scaled 
diri^tly to thf: hot loti of the gas burette. 

use of rubber fonneetions should be 
avoided, as they are liable to lead tu 
uncertainties owing, to tjie expansion ot 
tU i yidia-nibber under the pressure of the 
mercury. • 

(Jasholdeus.- -The mothers of meflsyre- 
motif hitherto considered apply only to com- 


t,nd pressure, when readings are being taken,, ftaratively syiall volumes of gas. •' Where large 

* • " * 
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<)muitjtic4 nf gaa Iiftvr fo bo raeasirwl a use/ul 
form uf apparatus is that shown djn graft malic- 
ally in Fig. 30. The upfm f tus i* ewnfmeted 
n n tlio f iinei p! e of t Ire , „ *tvr. 1 n Jrder t ft 

drive gnu out of the holder A the weight W 
i» adjusted HO that the holder dc-Anda. Tlift 
AinoiJiit- of hmh iexft'lU* I is deteriiiim if h\* 
rending the difference helwcr n initinl aim . .an-entr 


puratus *s shown r Fig. 30 the piwfwire 
wou! j -yuy an the 1 kfcsr iforntded nwifg to 
the in< nvi wl hnniorftnn •uf t!le walk of the 
holder n 4(io water mmtfwncn in tty> outer 
venue 1 . , * f * 9 

A simple way of piuintaihin;' a constant 
p^pwiiir &«1o hang a chain Jmni a wheel 
the one ahmvn in U»' ijgifte 



s 

p 

-7i 




t^n 1 n:ad : ng* of the wale £ . and jolting w At it. Ifce chain 
atCiiiiKt a lifcd pi*ht I*. The ' mn'ram.* d tin mui) an Ihe holder ■ 
sealu S niiiv ho euljhraterj by wends -mho v^ntl on the wheel 
Hueee^Kive VriinsfefcncoH nfoa : i^hun the holder descend}*. By 
kmnvn volume of air from u ’ choosing a sirtnhle diameter of 
sta^dmxPof convenient 1 ^.vheel and wVighl of chum the 
i.g. one cfftiic foot. Such a ^ iTmnge in pivrtxurc fine Id 
Htaudiird A sluAvtt, Again j turn in |t^ir amocfit of the 
^diagrammatic; ii^, in Fig. 31. ■ 4older immeiwd^may he «nanter- 
I he end A in in coinmunicii- ' Jiiilrijircil. 


mi'r 


lion with a wulrr* reservoir 
which run be raided or 
Iowen*ill and thf end B may 
he jmt into conninmH'iitioii 
either with ihe gasholder or 
(he alnioxjiheie, The vessel 
is tilled with Wilier In a 
Used point f hy raising lln» 
liwivoif. It being jn mm- 
inuniealion with ihe atmo¬ 
sphere. The reservoir is then 
• !<lUPfvd until thy water s* ir¬ 

is at :i second Used |m>L nt U, The gas- 


□ 

W 


t ie. ;«). 


h"|i|er is ne\l emnretid to It and tin' 
leaervnir raised nnlil 1.1# water surface i;* again 
at t'» tints transferring an exact volume of air 
1> Hie gasholder. This proves* is rc|WMted 


A euiixtaiit preasmv may rtl-»0 * \ 
he obtained 1 hy hanging u- 
eon a tortoise wright fiunt a cord 
which lies in|a groove on the 
outside of a curved plate lixed to 
the axle of Ihc wlie**l. Tlieshapu 
of tin* plain is sueh Ilia I a* the 
holder di’rimuls tin* r*ndi ter poise * 

weight, avis at \\ less distance I'm. :ji. 
from the axis oEAidatiim of Ihe 
i\ heel. The him pc i if the cm vc n ud t he nn.MH • >f 
the cimntc?rpoise weight are adjusted to vom- 
pensalc for the variable inunuisii>u of the 
hiiljler. 

IJa-shohlers constrncled cm llw^ priitriple t>f 

described, arid tilled with suitable nmifh’Hsil- 

in es di vvies nil tho liiHrH indicated, ;ye um»(I ill 


until the holder is emuplelcly ealil4ited . the iMmfi «'f meters, 
throughout the length of Ihc scale N. Th^ • 

pressure inside the grishoW,*r must of course _ . - 

lie atmos]d^'iie during the calibration. j . 

When using I In: gasholder to deliver meas¬ 
ured volnmen of gun it is ohm nceessary to 
maintain Hie i>ressure constant inside the* 
holder during the whole <*f the time during 
which gas w ^u'iug e\|iclleil. With l!n ap- 


\'(lfniK M KTliHS, Al TilM.lTU-. 

See " Meter**," $ (*!“)■* 

Vei.niKTHir # <;i.ass\v.\uk. Sec “ Vuhiui#, 

Measiin-tile Ills of," § (51). 



WATCH KS AX11 ITlltltfiOMKTBKK, 

# . JIA’tlVS (W 

§ (i) HlsToiiirvi.. Tin' miinir.**' <Wi-rniina- 
ti,,n ,,f daily late, <>f Jiiiw' ibinniuiK'lf!* Nils 
faeii n inii 'l "ill. a^dnrnwitTl, nil Ix'llalf nl 
the A'lrairuHv, fin ;»• i-r.v lofll period. dnt il 
i, „n\y Min-i- lKH-t Id''! any ntiulai- avalrm 
„f tin'- I'Mimiualii’i' of ... »aM>cn for 

iiniiiufni'lurt'Trt m fin- %■ put'lic h-w din'll in 

eiMeurc in thC cmmlry. ■ • 

Fur ninny prrvinii* to U»s iUIp tin’ 

S^i«i anil Vimi li wall'll timiiiifiirtinvt* Innl 


tin actvimtaui’ of M"K able 1 .. ami re r#ulnr 
testfi of Hud- watches I* the H^anci.n, km- 


i ihatil. mill tliiii’va lllwiiirtilmirs, inn) liny 
yUs n„ ilnulit 4 )nit this fm-ility lias laij'ly in*- 
Itlriliutiil to tin' aliai!v atUamv in (s-iTn manco 
nl Sw im mli'lss 

111 IHHt Iha Ki-W (i.llllllil 111' of I 111- lioyill 
Society lii'onn I411’ ' 's', ma of wnli'lii'S al K.\ 
dlfiriitury, 1ln> tiials I'liny Imsi-il upon lljp 
• (Swiss systems, mid it i "iiti»imil to In* ranii il 
| nut Hi civ till l ill 2, Clirn it*was trsn si itd'Oil 
; lo tin- ‘National I'liysiml l,iliiir:Oory at 
I Tislilini.’lim, #h('rr jim-n asisl taiilitioa anjj 
: jniiiniTisl apparatus wen' pl-'i'hhn I. * 

] § ( 2 ) The Tkstimi Kqvii’MUM'.- Tim Infts 

j infs I’lirriml nut‘in tilin' nmnis. each almiit 
i 10 ft. by S It., in *!ic hum-nmnt of Hind* 
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House, where the diurnal range of temperature 
is comparatively small, the rooms being known 
as “ cold,” “ mRldle temforatuits” and “ hot.” 

The “ cold '* room is mainly oconpiod by a 
• lafge wooden-eased “ refrigerator lagged 
throughout witlf flake charcoal, and divided 
by zinc linings and air-spaces* into thijeo 
otfln pa laments, the two exterior ones contain¬ 
ing blocks of ice oji grids with necessary 
drainage.# The middle one, furnished with 


drop being controlled f>y a detent. Below it 
a “gotl” balance-wheel,'finely pivoted and 

vifij 


revolving freely and* delicately, is 


lage. 


As 


fixed on 
tile thin 


ft smafl adjustable .car] w 
platinum strip is carried to and fro by the 
pendulum ft rubs very lightly over a small 
Vgiflent of the balancedwh®el, thus making 
if contact of which the duration and intensity 
^an be closely adjusted. # 

As a ehefk upqp the small daily rate of the 



uoxassic ciuuuuv m niiw'ii' —--# *. * , . 

maximum and minimum thermometer for the ; small “ wireless •receiving set is also installed 
registration of temperature changes*. # j t-o receive »thc “'wireless ” 

small stefl * ’ ’ ** J """ . 


egistyath . * _ . 

ifelf»\T*this is a small steel safe, similarly* 
fitted up? fvliero pocket watches are kept 
at it Rmpembure of 42 f’. j 

’The*” middle temperature ”•room is also j 
fitted with shelves for chronometer^ and a ! 
steel safe for the watches, and.is maintained 
at a temperature of about 70 J F. by mcans^d 
three electric radiator lattfcps controlled by a . 
sensitive thermostat and relay, the tempera- | 
twre being recorded oi#a*therniograph. i 

The “ hot ” room is on ^similar lines; tjie j 
temperature, alxuit 9.7° F.% is obtained by J 
mea»s of a Fletcher hot-air gas stove, tjie j 
supply of gas being controlled by a toluene j 
thermostat, and a record of the temperature j 
changes recorded by the thermograph. The 
iX r><j I’, between the “cold” am 1 ; 
’ rooms is sufficient for all ordinary i 


range 


‘ hot 

“ rating ”, purposes. 

The standard mean-time clock witn which 
all comparison^are usually made is bolted to 
the substantial wall of the " middle tempera- 
ture ” room. Tht# clock is of 4he dc.ul- 
'beat ” (or Grahatn) t vpp of escapement, *itn 
high mfrnbercd pinion* and jeweihsl in sapphire 
throughout. It is weight-driven, the weight- 
falling in a separate channel, aful is furnished , 
with a Ridler pendulum - invar rod with a# 
brass lenticular bob— a syphon barometer and 
tlierTnometer. The wluifr* is Rigidly fixed in 
an iron air-tight case, with u stout pl^tc-glass , 
front. The pressure is*normal!y kept at about 
27 inches, any alth nation of clock rate required 
being peek'd by slightly increasing or de« ♦ 
* creasing the pressure. * * 

The dead-beat clock by F#ench, London, 
which was the standard clock at Kew Obscrva- 
*jtrtry, is also bolted to the sam# wall, and senes . 
& a subsidiary reference clock. # 

Both clocks aw furnished with a delicate 
electric contact^which insists of a yhosphor- 
bronze wire bent in the form of a semicircle 
pud attached to the bottom o* the invar rod 
of flic pendulum. To the two horns of this : 
a*strip of platinum foil is fixed in tension. 
The system is pivoted and rfioves very easily 


the Paris Observatory, and by means of a 
six-valve radio-frequency amplifier these signals 
can be recorded upon the Morse recorder in 
the same way as the Greenwich signals. 

§ (:*) Method of (*>mi’akison. —Having re¬ 
ceived the time-signals and determined the 
small error of the reference clock, the daily 
comparison between the various timepieces 
under trial and the clock ran be made. 

This comparison can be carried out in 
several ways, and different observatories and 
testing laboratories adopt differing methods, 
but those most generally employed are: 

(i.) By eye and ear comparisofi. 

(ii.) By photographic comparison. • 
(iii.) By chronographie comparison. 

(i.) The first method is often adopted where 
a large number of comparisons have to be 
ruij*. and where a very high degiee of accuracy 
is not aimed at. 

(ii.) The "photogrtiphic” method is theoretic¬ 
ally the most satisfactory, as by it the personal 
element is eliminated, since the clock face 
and the dials of the watches to be compared 
arA all brought into the field of the*eamera 
,aim exposed simultaneously. The method, 
"however, is not very largely iiwnl, as photo¬ 
graphic troubles and failures are not un¬ 
known, and also some time must necessarily 
elapse Tiefore thetfinnl positives are ready for 

examination. « 

. —• ' ’ * ’ ‘ system is tho 

servatories, and 
of the •standard 


(iii.) The “ clmmogrn phic. 


£rtd lightly in^a verticaHplane, 


the amount 


of. fi, 


by it tfie secs* ds marks 
clock and tlr corresponding time marks of 
the watches^ et<^, undet trial are clearly defined 
on a paper sheet, and can be*readily tabulated 
or rehd off. * * 

The chronograph cntployed at the N.P.L., 
designed by Mr. .T. E. Sears, Junr., Superin¬ 
tendent of. the Metnjogy Division, consists of 

,# Thcsc signals arc sent hourly-froin the Tk»yul 
Observatory to the (i.P.O., bondon, and. tlienee 
distributed hy moan* of the “(dAHnopner tw.flie 
London district at eueli hour ami to country districts 
t(T. hours and thirteen hours, t he/on hours one 


vtng the lanf’st dlstrilftifon. 



WATCHES AND CHRONOMETERS, RATINfJ OF 


a drum 50 cm. long tnd 00 cm. in circum- # The mean of the three comparisons is taken 

ferefice, which is driven by a motor through (to the nearest 0-01 second}, thus redueii^ tho 

worm-reduction gearing* a uniforif speed chance of obsft-vatiortd <*ior, Hind eliminating 

of twt* revolutions^per mjjiute, the| motot any effect#due either to eccentricity of the 

itself running at 1800 r.p.m. The speed of : seconds # wheel or irregular dividing* oL lire * 
the motor is controlled by a fairlv^heevy Hy* : dial. • 

wheel, on the %e #f which a small intrtkf ^ (1) Dni^vriON oi* Trials.T he trial for 
hob is mounted at the end of a spring arnt. i marine or ships’ ebronumeters is divided *111 
As (lie speed rise^ this bob swings out, anjJ five periods as below : # • • 

eventually makes contact against % stoj), thus j • ^ 

short-circuiting a small resistance in the field 10 drily *ateK at a temperature of <0 F. # 

of the motor, which accordingly* tends % • • 

slow up until the contact is again released. • * Jjj ” . ” ** 

The spring is so adjusted•that at too required # * ’* ” ” # 

speed the contact is being •continually made ^ 1 ” j’ 

and •broken. Tho control «w in* principle, .Ships’ Jlfrow.mete* are always used'in the 
though not in design, essentially similar to \ 3 jal up or horizontal position, and anVltrc- 

that described nv von Holtnlmltz. Tn order r..o.. . ......1 ....i ,1 ■ . 1 c .. 


arm • hrok&n. I ho control • is in. principle, Ships’ Jlfrom.mete* are always used' in the 
though not 1.1 design, essentially similar to \j ia | up or horizontal position, ami anVUre- 
that described Hy von Helmholtz. In order f u || y swung ^indsuspended in gimbals fol¬ 
io record the time there arc tw<? pointed this purpose. •• • 


tappei-a mounted together on a small carriage 
•which traverses parallel to the # axis of the 
drum through a distance of 4 mm. per revolu¬ 
tion. These tappers strike through a red and 


Hence wjth*theseimstrumerits the t<?tff are 
ear-tied Mit in tin-horizontal, dial uy, jiosition, 
and the trial Jias reference only to ruriniion 
of the daily rate, and to alkmlion-'* daily 


bla(-k typewriter ribbon, and are actuated by ra | 0 due to the changes of temperature, and 
means of relays, the one from the. standard not to positional errors. • 

clod*, and the other hy the observer, through j Unlike marine chfo.hmicters, the pock<*t 
a tapping key. Lhe chart is thus covered wrtell is liable to be used in several positions, 

with a series of red dots at 2 cm. intervals, the commonest being (i.) “horizontally,” 


representing the seconds of the standard clock, () ,, t t)f 1)0( .]. (>t) M ith the dial either up or 
while interspersed between these arc black , down, and (ii.) “ vertically,” with the pendant 
% j or winding knob approximately upright 

Q I ; in pocket use. lienee, in addition to being 

m : . timed and adjusted for steadiness of daily 

fSD; /% _rate, and for alteration of rate villi change 

| temperature, a high-class watch has also 

” possible in all the positions in which it is 

k ’(. * t The triijlR for watches * therefore include, 

~ tosU for positional adjustments. # 

0 )h\ ’ 1 *, ih There are two classes «f trials, known as class A 

* B ' J ^ D " Irn HI ' and class It, deigned t<» niecl both tile highest 

. . 1 grade and those of a*more ordinary type of rnov«> 

* Pl ( ; | merit. Tin* class A, which has always had the large.* 

number of entries, is <^j*i«Jed into 8 section# as 
dots representing the times Registered %y tlTe® •"'low: , # , 

various movements under ^observation (see ] (j) 5 daily rates, in vertical jiosition, with penJmt 


• 

A ig tl»‘ dtum, flriven hv 

•#) 

Do. 

1 .• • 

• in vertical position, witli^pendant 

, 

• 

right, at ti7". 

Ji 4he motor, and oontmlled through 

hi) 

Do. 

ih vortical jiosition, with pendant 

the controller ;# ^ 

D is the Ie:iil-8§rew. carrying forward 

(4) 

Do. 

• left., at l»7 J . 

in# horizontal position, dial up., 

10 the carriage fM- the pointed tapirs, 
F tvjx 1 writer ribtwm. 

1 • 

r ro 

Do. 

at 42°. • 

in Horizontal •jiosition, dial up, 
at. 87 * 


Tho eomjmrison is made when the .‘♦cowls# i (0) 
and of the chronometer or watch lies exactly ; 


in horizontal position, dial up, 

hand of the chronometer or watch lies ejgietjy I #nt # 

over the fifth ^twenty-fifth, and forty-fifth . (7) Do. in horizontal position, dial down, 
see^r^ls line on*Jhe dial. Chose three posi- j at<'>7’. * 

tioift are thus symmetrically arranged rgyiul | («) *As No. 1, 5 daily rates, in vertical position, 
tho dial. . • • , • * . pi-mtft*' up, at t'.7“. • • 
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Tliu class li test, intended for a. less highly liuished 
wutclft embraces 3 sections as below. 

• . « i ' 

(1) 14 daily rati*, in vertical position, pendant up, 

, # <'7'\ 

(2) * Do. * (horizontal position, dial up, at <17°. 
(.*{) 1 daily rate, dial up, at'temperature^of 42,07°, 

* * 1)2* 

* M\uks. In order to !*adily ascertain the relative 
perfonnam*' of the elass A watches, a system of 
ifuirks is in use, basis! upon the s«^|e (i* - UK). 

I nder this scheme the absolutely pei#‘ct watji 
would receive 100 marks, ami loser decrees of 
HKcellenee are marked accordingly. * 0 0 

The lUt» marks awarded 1«> the theoretically perfect 
watch would be made up as follows; # 

40 fora c^n\phte absence of any variation of th« 
d^ily rate. # • • 

4V* for absolute freedom from change of rate with 
FnfTnge of position. # • # 

20 for perfect compensation for effects of te^peratur • 
changes. # 

Of eiTiirse. the |OH will never be reached, out 
steadily anj persistently the degree of performance 
lijis improved, until in ^>2n the wonderful total of 
‘Mi-0 was obtained. *• 

For the past It) years the highest number of uuft'ks 
awarded has been : 5 


. D.T2 
. IM S 


11)10 
11)1 1 

ii»i2 . . . it*;■ i 

n> t :i « . . . D.'i-o 

11*14 . ' . Hi t) 


11)1.7 . . . Do-7 

ID10 . . . Do-2 

11)17 . . . Dt i 2 

ID IS ID . . 0.7o 

I DID-20 . . DO!) 

K. 0. C. 


Water, Density of, in grammes per milli¬ 
litre, tabulated. See " I’alanees,” Tj| ble 
• 11 . * • « 
Water Meters. S^p ^Meters,**jj ( 27 ), ete. 

Water-ya roru (see alfco ”Ai^. Moist"'): 
Ad<lition of, to the . atmosphere. Set.* 

# ■‘Humidity," II. § ( 14 ). See also 

# “ Vapour Pleasure.” 

Density and pivSsufc* of,• for saturation. 
«. St*e “ Atmo.^du ie, Thermodynamics 
of the," 4 § (2). Table I. 

* EffejjJ of, on hygroscopic substances. S(^o # 

0 “ lliiniidity,*’ II. § (13^. 0 * 

In the atmosphere : * 

Absorption of terrestrial and solar radia- 

* tion by. See “ Atmosphere, Thernio- 

# dynamics of the,” if (10). ^ 

Amount. of f calculated from upper ait 
* tempPratures^t See ibid. § (12). 

Distribution of, in the tippet* air. See 
^ ibid. § (5), Fig* 8. « 

* Distribution of, over the globe. See ibid. 

• (10) ; Fig. o. 

Effect of, on lapse-rafc of temperature. 
% * ScV'ibid. § (b)f t f 


Variation of, with height. Sec ibid. § (11). 
f See also “ Atmosphere, Physics of,” 
* § («) : # * 

Se| also ■' Humidity, If. § (lo). • 

Latent heat of. See “ Atmosphere, Thermo¬ 
dynamics of the,” § (2). For de¬ 
terminations off so# “ Latent Heat,” 

| w Vol. 1. 

• Measurement of : # 

Dew-jftint. l^ygrometers. See “Humid¬ 
ity." u. aw). 

• (Jravifnetrie method. See ibid. II. § (12). 
Hair hygrometer. See ibid. II. § (10). 
Volumetric method : 0 

0 ‘ Shaw’s apparatus. See ibid. II. § (13) 

• • : • 

TyruhfU's apparatus. # See ibid. II. 
J( I3)(ii.). 

i Wet- and dry-bulb hygrometers. Sec 
ibid. II. §§ (4)-(9) and (II). 
j Physical (^instants* of. See “Atmosphere, 
Thermodynamics of the,” § (2). 
Speeitie heat. of. See ibid. § (2). For de¬ 
terminations of, see “Specific Heat,” 
Vol. i. 

Weight of, in saturated air. See “ Atmo¬ 
sphere, Thermodynamics of the,” 
Table V. 

Wave -lenutij of 1,i«:ut: determination of 
the metre at the Bureau International des 
Poids et Mesures. See “Metrology,” 
also “ Line Standards,” § (7). 

Wavk-eknutu Reeinuk: suggestions for refin¬ 
ing line-standards. See “ Line Standards,” 
$•;!) (vi. >. 

• W vve-lenoths of Lines in the Infr\-rki> 

Se i:otrfm. Langley's method of deter¬ 
mination. See “ Radiant Ilwit and its 
Spectrum Determination," § (22). 
Wave-motion in the Atmosi'HI^ie. See 
“ Atmosphere, Physics of,” $ (17). 

Waves: • 

In the interior of the earth, transmitted by 

# * hgaehistoehronic paths in aeeordanee with 

the recognis'd priueij»les of wave-motion. 
fjDe “ Fart*!up lakes and Earthquake 
Waves,” §^7). 

On an claste* solid. *See ifyid.fi (<>). 

Primary and^econdarv, in an earthquake : 
the tw(#distinet part-H into vvhieli the pre¬ 
liminary Ircmorf as recorded on a seis¬ 
mogram, can be fepirated. Sec ibid. 

*8 (I). ’ * 

Weather : 

Foneeasting. Sec 
, of,” § ( 20 ). 

Types of. See ibid. § (ID). 

WKHJinmiiHins. • See “ Weighing Machines,” 

• § (■>)• _ 5 

• (Combination. S«n ibid. § ((!)/ • 


‘ Atmosphere, Physics % 
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WEIGHING MACHINES | 

From the earliest knrwvr^ times, weighing 
instruments 1 have teen, usejl to determine 
contracts be- 





• use (ft the cvci- 
armed balance 
in tli* ancient 
E '* y p t i a n 
epoch, whilst 

• the Ronrnn 

• steelyard limits 
name reminds 
us of its origin. 
The principle of 
weighing by 
tho lever is at 
once the most 

ancient as if is the most accurate. The 
sensitive balances of the present day differ 
only in refinements 
of construction from 
fheir prototypes. The 
evolution of weighing 
instrumerits therefore) 
offers littiy scope for 
reference, and one can 
properly embark at 
once upon a descrip¬ 
tion of modern appli¬ 
ances. 

The weighing in¬ 
struments here dealt 
with are those com¬ 
monly used in the 
llritish Isles, and 
typical varieties only 
are described and 
illustrated. 

§ (1) BEAM-SCALES, 
beam-scales are the 
most sensitive weigh¬ 
ing instruments, and 
are invariably used 
when weighings to a. 
fine degree of accuracy 
are rcquirtftl. W^ien 
especial ("fre is taken 
in their design and 
construction tney <«m^ 
he made sensitive to 
the addition of a 
weight, equal to ono 

t wo-millionth part # of 

the load weighed. • • 

Then* are man? types, ranging from the 
delict# apparatus used 1A chemists or 
, Vitr „„ account of weighing machines of li€h 
accuracy see tile 
VOL. lit 


for physical research, including the eom- 
fUrison of the Imperial .Standards of Wejght, 
down to thole ordlnafily Employed by 
tradesmen. • 

A beapi-scale consists essentially of^an * 
twe?n buyer-ij equal-armed lever provided wftli a knife-edge 
and sel Iftr ; * pi\o>t at it* •centre. The .pivot# is supported 
there is ,mple*| on a bearing iu the pillar of the balance, or fli 
evidence of thoJ a shackle suspended froi# an arm projecting# 
fiom the pillar. Similar pivots alc # fixed at 
each end ..f «tflo plover and equidistant from* 
tho .'ontrc% knife-edge. These carry, resp?c-* 
tively, the pans i*i which the weights and goods 
t^ be weighed are, placed. The pivots goner-* 
^iliy take the form of triangujpir or pear-shaped 
prisms, ar^l are fixe*! rigidly in the beam, 
projecting from each side in a liomV*^ 
plane at right w an^es to its axis. *Vf!e centre 
one has its knife-edge at the lore** angfc <>{ 
the |»rism, whilst thg end pivots have*tfceir 
edges upj*grmost. A pointer at righWmglrs to 
the beam and ^imjeefing vertically above or 
bel^w the fulcrum knife-edge, as the o^sj* may 
be, indicates the movement of the beam from 



ffrticle on “ IkHances,” 


Kio. 

• # * • 

tho horizontal. Types of beam-scales are 

illustrated in Fig*. 1 and 2. 

Y'alious methods*of titling the knife-edges 
ai|fi bearings are adopted ^md hav^ giveft rise • 
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to terms which specify the type, lor example, 
the*? is the " box-ttid ” beam {Fig. 3). in which 
the knife-edgf's pass *hrouj>l. a Mx-like or 
bifurcated end of the beam ; the ‘I agate-box ” 
beam (Fi'Jt I). 
which agate bearings 
are tittrV. in bf ass 
or iron boxes; the 
1 Dutch-end ” beam 
(A 'i<j. 5), in which 
r, 3. easy* tfi£ end bearings 

• • are lixed imside phycs 

bolted together across the beam to form a 
'shackle; and the “swan-neck beam (*<!/• • 
now disallowed in the smaller eapacit.es, m 
whiel v tho ends are curved and * "tied, the 
bottom ci{ the slot, forming a kmfe-c l e *. 
Lastly, there is the " qtntyiuoga kinfe-edgc 
.beam ( Fhf: 7), wliieh has the d.stmchvo 
fea't.Tre that the knife-rdges Keaf along then 
whole length, and wliieh is used ton, the most 

sensitive balances. ' . 

Fig.. represents a commercial balance' ot 
the highest degree of 
accuracy, constructed 
* to weigh bullion up to 
5001) ox. Troy. It is 



Fra. 4. 


sensitive to the addi¬ 
tion of ll grains to 
cither pan when fully 
loaded, that is, when 
weights approximating 
to 3 cwL. are suspended from each end of 
the beam. The Jwim is of gmi-metal. open 
pattern, 1 and cored out in the mbjdle so as 

to allow the saddle at the top of the stand to _ - 

pass through the beam and afford a continuous,: Agate hearings are most 
bearing for the fulcrum knife-edge. Thy end i frequently used ... con- 
. knife-edges are also of the cnf.gnno.iH t S uc 1 junction with steel kmlc- 
and ljave Hat steel bt/rings in Jlio uppel part 
of the suspension lirfks. The lint bearing is the 
simplest as it is also The mojt desirable form 
‘ of hearing. Its use allows free rotation of the 


addition to relieving ill the knife-edges when 
not irf use, this arrangement serves to prevent 
the accidental overthrowing of the beam from 
its support, a pypvis^m Wliieh is very recessary 
when flat bearings are employed. The end 
- knife - edfjcs are adjusted and retained in 
\ position by set screws vhiyh bear against the 
pobliquo sides of the triangular prisms. A 
.small weight on a vert if al. stem above the 
centre kifife-edge can he raised or lowered 
to adjust the. eiatre o{ gravity of the beam, 
whilst the small vane can be revolved to 
compensate slight differences in the “ balance 
of the instrument.* Pan, 
rests, operated *concur- 
re.iflly with the* sliding 
frame, aifU levelling 
feet are other refine¬ 
ments in the const ruc¬ 
tion of this balance. 

The knif^-edges and 
bearings of beam-scales, and for that matter of 
all weighing appliances used in trade, are 
required by regulation to be of hard steel or 
a-»ate. The reason for this is twofold : («) 
To maintain the relative distance aparf of the 
knife-edges, the alteration of which seriously 
affects tlie multiplication of the beam or levers, 
resulting in errors in weighing; and {b) to 
eliminate, as far as practicable, the friction 
between knife-edge and bearing which militates 
against the sensitiveness of the instrument. 
Agate is used nimh less than steel, and by 
custom is rest lie ted to 
instruments of compara- 
fj^ely low capacity. 



Fig. f>. 



tf 





Fiq. 


knife-edge on its beat- 
,ing, and rolling friction i 
Althe; than sliding#| 
M / «. cTmies into play. To ! 

relieve the knife - edges 
from wear when Uie 
balance f is not in use 
a triangular frame 'is 
provided and is lifted 
and lowered by a cam 
iction operated b^ a handle at the front 
if the balance. The frame moves vertically 
,n roller gui4e# fixe<*,on the stand. On the 
upward movement of the frame A he vertical^ 
snitches near its ends first lift the end bearings 
aff their knife-edges. *As the frame continues 
its upward motion the upright pins near its 
ends engage in cups in the.studs which project 
horizontally from the beam, and lift the 
fulcrum k*iife-edgq from its bailing, in 


edges. A gale knife- 
edges are only inserted Fio. "• 

*m chemical balances and * 

in balances of low capacity used in scientilic 
investigations: their brittle nature rendeis 
them unsuitable for use in trade appliances. 
t § (^) Requisites of a Goon Balance.— 
Tlie conditions* which must be satisfied in 
the/^onstructiiA’y of a beam-scale, and which 
apply, inter alyi t to every type of lever weighing 
instrument, are: * , r. ( 

(i .)«Truth,*i.e. the beam, when at rest, 
must be horizontal both when unloaded and 
when orpial #masseS are suspended from its 
terminal knife-edges. • * 

•\ii.) Stability , i.e. f the beam, if deflected 
from its position of equilibrium, must return 
to the original position of rest. 

(iii.) Serwitivp.HCM, i.e. • a. small difference 
# oet*.vecn the loads suspended from the terminal 
knife-edges must cause an Appreciable devia¬ 
tion of the beam from the Horizontal. 

•To satisfy the conditions of truth, it is 
Accessary«that thf! moments *of the weights 
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Equation thus proves that the sensitiveness of 
a balance is proportional llie length the 
arms, afld inversely yiroportidjial to the dis¬ 
tance of the centre of gravity from the fulcrum, 
and to the weight, of the beam. 1 • ^ • 


and to tjie ,..v .-v,*.,,. - ^ 

In practice it is usual to construct a balance in 
Hi^h a way*lfiat. when unloaded tl*.- fulcrum knife- 
edge is slightly below the line joining the other two. 
Th>- berm bends slightly under the load, thus loflvrin£ 
the outer knife-edges and bringing tlTe^hree more 
nearly into 4i9. When this condition is reached 
the se isiti^eness is independent of the load. • * 
Summarising the above statements it is 
found that the requirements of a good balanon 


of the arms of the befm around the fulcrum 
should be equal, and that the terrtnmA knife- 
edges of the beam, from ngjhich the pmis are 
suspended, should f>o gquiijjstant from tin? 
fulcrum. 

The quality of stability is sciAred when* 
the point of suspension (i.e. the fulcrunf) is* 
above the centre of gravity. If the ceotit* 
of gravity is coincident with the centre knife- 
edge of the beam, then its equilibrium will 
be neutral, and the beam will remain in any 
position in which it is placed. SneUa balance 
is wanting in proper action. If, on the other 
hand, the- centre of gravity of the beam, when 
horizontal, is immediately above the fulcrum, 

the beam J'ill lie unstable, And will overturn f* (i.) Tin* arms # of Uic unloaded beam must 
upon the slightest displacement from the | fcave equal moments around the fulcra life f ml 
horizontal. The* attainment of equipoise in | the pans iiuis$ be^of equal weight. 

. . « > .1 - . 1 :/v.• 11 J (ij.) The distance between itidi teftninrl 

knife-edge pn<? the* fulcrum must be eqifaff 
(iii.) The centre of gravity mus^ be below 
the fulcrum. t 

fiv.) The smaller the distance betygen the 
centre of gravity a ax. I the fulcrum the greater 
the sensibility. * * 

(v.) The longer the %eum the greater tlftv 
sensibility. 

(vi.) The lighter the beam the greater the 
sensibility. But care should be taken mfi to 
make the beam so long or so light as to 
materially affect its rigidity. 

(vii.) The fulcrum should by in, or some¬ 
what below, the line of the torpiimfl knife- 
edges. 

(viii.) There should be as little friction as 
possible between the bearing surfaces at the 
three points of suspension. 

Fjom what has been said, it^would appear that if 
t#c arms of»a* balance he unequal correct weighings, 
caunfit, be mad^t hereon: %it as the establishment, and 
maintenance of exact equality in the arms js a matter 
of difficulty, one of two nfrthods of avoiding all risk 
of error fmmMits caput* may be adopted. One is 
jenown as Causs's method, and consists of repeatiip 
the weighings, the weights and substance to be 
•ighod being i^tewl^cM in the pans. Then 
i . - i —■ ., i if P and Q be. the nppnnyt weights of ajiody of true 

beam has free movement abcflit its fulcrum 1 , wvi j|t yp wlu , n weighed it the right and left pan 
and the centre of gravity h? at a distance (/ | p tM >ri ve Iy, / and r lxmg the length of the urms. 


such a case would be extremely difficult. 
But if the centre of gravity of the beaitf when 
'horizontal, is immediately below the fulcrum, 
the beam will rest in that posllion, and if 
disturbed therefrom will vibrate and at last 
return to the original position of rest. 

The sensitiveness of a balance depends upon 
several factors, which may be conveniently 
demonstrated as follows: Let A KB (Fig. 8) 
be the beam of a balance, and W its weight, 
concentrated at its centre of gravity (J. Let 
L be the Jength of the arms, assumed equal ; 
and let the points A, K, and B, i.e. the three 
kflife-edges, he all in the same plane. The 



• • 


from F. Let a small weigfit # /> be added t< 
the pan suspepdejJ front the knifc-otlge B ; the 
balance w?ll turn through a IP angle «a, and, 
assumingVhe scale pans equal, th )equation of 
moments will he * • • 


•V 


But 

and 


p . B'E^V . O' 119 
B'E -- fj cos a, 

G'H - C’l'K sin a - <1 sin a. 

V I- 
Wj/- 


•. tan h 


N*»- tun Ct Ip is a maasuro of the sensi^ve- 


n ess which .ianhercfore e<ual to y\\d. 


Tint 


Inn o 


• uy-17, 

, \Vi=Qr, 
\V--I’Q, W> 


Y P<j. 


Thus the square ltiot of tfie product of the two 
joinings gives the true weight. In the second, 
Bordu’s method, the*sub«tance # t# be weighed # is 
placed in <pie pan and the scale balanced by any 
handy material in the other pan. The substance 
to be weighed i# then removed and weights J^rq 
substituted until Equilibrium is restored. The 
weights represent the weight of the substance, tilt 

1 For a more complete discussion of the action of a 
balance si a' “ Balances,” $*2^ « 
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inequality of the arms of the beam, if any, haviifg 
affected both operaLi<*ns in a like maimer. 

* * . * 

§ (3) Counter Machines.— These are equal* 

- armed weigjiing inst ruments of a capacity 
suitable for counter use, and with pans above 
the beam. They are 'largely ep^ployed for 
trade purposes in retail shops. From The 
.standpoint of utility, and without reference 
to question-.-? of accuracy or sensitiveness, the 
counter machine possesses an ifcivantage over 
'. hr ordinary beam-scale beca use the-scale pans 
of the former are unencumbered by chains, et c., 
find articles can be placed on the gonds'pan, 
or the weights manipulated on the weighs 
pan with greater rapidity. lint djiis advan- fl 
tag? riT.' secured by a loss* of seiisitivories^, 
because il Is evident that some means must 
he adopted /o keep the pa'.’is in a horizontal 
posi£i#n. Further, the means ^provided must 
permit of rotation of the parts, a fid as a con¬ 
sequence The increased number of knife-edges 
and bearing surfaces introduces additional 
friction. Fig. 9 is a perspective view of sCich 
a machine showijig the stand in Section and 
exposing the parallel ^notion mechanism. 



(i.) The Roberral Balance.. —The counter 
machine in general iW in this country is 
evolved f rom a balance invented by Professor 
Roberval, a Freneli matlieimpieian, in 1(i70. 
The original model was similar to the sketch 
in Fig. 10. The balance consists of <f‘ 





parallelogram ABJX-, Viiuged at its corners, I 
and movable in the vertical plane as shown 
by dotted lines in the ski/eh. Kach of the ! 
horizontal sides is supported at its centre by j 
fulcra F and F', resting in bearings in tk: I 


vertical stand. The ’Xrms AF and BF are 
equal,^and are also equal to CF' and 1)F' 
respectively. Siimlat’ly, the vertical sides AC 
<Utid Bp are each equal ^lo the distaqpe FF', 
and it therefore follows that whether the beam 
cis liorizon^d or deflected at an angle to the 
■ horizontal, tlio sides AC ^md Bl) remain 
Vertical and parallel to FF'. To each of 
these vertical sides is rigidly fixed a horizontal 
bar FH a fid Kh Then'’ if equal weights I* 
and Q be suspended from any two points II 
s r nd K respectively, the balance, if originally 
in equilibrium, will remain so, with the arms 
All and CD horizontal. ^ 

For let 1* amh l) he weights which, when 
suspended»from 9 any two points dl air.l K, 
maintain eijuilibrium, suppose the balance 
slightly disturbed as sliowd by the doited 
lines in'the diagrammatic figure, Fig. 11, 


A F-'"' IB u' 

nr—-. 


K I 1 

A „ ' 

E'fl 
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.T 
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IF' 1 

D 
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Z_ 
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I'lC 
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and let p and q be the displacements of 
II and K, the poinS? of application of the 
weights F and each measured in a vertical 
direction. 

;P.ie work done on F in rising a distance ji 
ris Vji ; the work done by in falling a dis¬ 
tance 7 is Qy, and since the balance is in 
equilibrium, these are equal. Tbps P/> ()<]• 

But since the arms FA, Fll, FV, F'L) are all 
equal, /> is equal to 7 , each being equal to the 
vertical displacement of the oxlrcmitR-x of the 
equal arms. 

Therefore F Q or the bali’iiee remains in 
equilibrium from whatever points the weights 
; ,;ire luyig if they are equal. 

In the counter machine as evolved from 
the orginal Kol/Jrval balance, the horizontal 
arms projecting^ from the vertical sides of the 
parallelogram are re pi; feed b ( v horizontal pans 
fitted fvbove tlfi*. end knife-edges ofHhe beam. 
This construction has the etTeet of minimising 
the mngniFudo of tin- tensions and thrusts to 
which the l»cqni and stf y '.nay be subjected. 
Thrf extent to 'which tnc pan projects over the 
vortical side of the parallelogram corresponds 
to the length of the arm FH or KI, and the s 
force resulting from, a weight placed near the 
ertgeMias the same effect as F or Q in the 
proof just given. *• 

The essential condition fttf* accuracy pa a 
emfUter machine is that the beam, stay, legs, 
'arid distance bctw&n the fuleVa shall form 
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parallelograms. If thft is not so, the indica 
tions of the instrument, when a Uftid it placed 


fci point of antiquity vies with tfie equal-armed 
beam scale. Excellently* constructed ^peci- 


oi'i the pan in dny position qfher than vertically mens, fffnnd a/ Pompeii,*varf but slightly in 
above ^.he terminal* knjfe-e(|ge of the bearrf, | general design and proportion from the in¬ 
will be inaccurate, * J strument • >f present-dav mam 


A well-known variation of the Kobfrval balawP 
is called the Inverted, Imperial machine (121? 

Tt is, as its name impbef, 

I an inverted counter maciung. 
The pans are abllk’o the beam, 
hut the legs and stays, instead 
of being below tli^ beam as jn 
the ordina.y counier imiehiue, 
are ahgve it. Til -t construe. 
Hon lias several advantages, 
particularly in machines of 
high capacity. * The* 
pans fro nearer the 
lloor or counter than 
in the ordinaly pat¬ 
tern, thus fa<1litating 
the weighing of heavy 
loads ;*aud the ver- 
beam and stay ean 
than in the ordinary 



present-day manufcwture. TTmf 
steelyard tinds favour amofig buteheiU for 
weighing greases, and in oljier trades for 
weighing bulky articles which are easily sfts- 
pended and which caynot be. placed* con. 

’ veniently upon a pan or platfofh^ It is a 
co'nn ,ct a« importable instrument, and do«n 
: ind. r< quire the use of loose weights. NtVeP- 
yards ere not, jj» general, so accurate as equal- 
! ^iriuTd balances, for the following reason^: 
^ (!•) A small weight on thy long arm of the. 


steely a rd ^ y a la nees 


Tig, 


tieal distance between the 
conveniently be much longc 
[lut.tcm. without.iilfceting the height of the scale-pans 
from^the lloor or counter. The two outer pillars 
serve as “ legs " to the goods and weights pan ill this 
type of machine. 

Prom tin above explanation of the principle of 
tin* Poherval balance it will be seen that, certain 
thrusts apd tensions, sometimes of considerable 
magnitude, are introduced along the beam and 
stay when the weights are placed in certain positions 
on the scale-puna. These ^hrusts and tensions tend 
to grind the knife-edges on their hearings, a condition 
which is not conducive to accuracy nor I avu arable 
to the long life of the machine. In ordoi to^void 
this defect several constructions have been devi*cd, 
but the only variation in use in Ibis country is thH 
Jlcnmger balance. * 

(ii.) lknmgM Balance. -The mechanism of 
this machine is, in appearance, more compli¬ 
cated than that of the Kohcrvul balance, but 
in reality is not so. The principle of placing 
the. pans above the beam is retained, hut all* 
loads on tin* ^ians yre transferred to sub 
sidiary beams arranged below the main beam, 

XEnrzrpinM mug.. ’-nr™ • • • 


jj, heavy load suspended 
£rom the short ;frin, and’consequent Py* \ •cry 
small error in the counterpoise \feif,ht causes 
a multiplied # ernfl - in* the apparent ciflit ^>f 
the goods weighed. ^ (ii.) An extremely *mall 
error o^ efiange in 
the length of the 




„t l! 

sl^nt arm makes a 
sensible error in ting 
apparent weight of 
the goods weighed. 

Or^e type of steel¬ 
yard is shown g.\\ 

Bin. U 

When equilibrium 
is established .the 
forces acting on 
citlic r arm are 

inversely propor¬ 
tional to iheir distance fnfhi the fuj^rum. In 
practiced he load is suspended from the goods 
hook, which is at constant distance from the 
fulcrum, and the poise weight is moved along 
the* longer grin until the steelyard is brought 
flit • a horf/.ontal position. The amount of th^ 
load is read Ironi the nq^nbered graduation at. 
the position oil the king arm at \thirh the 
movable poke.•rests. The short arm being df 
.constant, length and the travelling poise 
constant weight, it follows that the length of 
the long arm, Jhat jt,* t«he distance from* the 
fulcrum to the position of rest <4 the puise, 
is proportionate to the load suspended from 
the goods hook, and, theijpfftre, the long arjp 
• #fyi he equally divided and gradated to 
^epre.fcnt the amount of the load which pro- 
: duces equilibriifm for any position of the jioise. 

| Occasionally steelyards are provided with^i^ 
; knife-edge with,weight si pan suspended from, 
th(.%longer arm, and loose weights arc placed 
‘ * ‘ The dis- 


which, in their turn, transmit a pull, always fin the pan to laiiamjp th« 

unless fhc 

edges of the in;^n bean], liy this arrange# t loose weights are accurate and consistent 


op load, 
is that i 


mc „t tlio introduction of lateral furges# is j among fjfrinw'lues, tl. error in the in.lientjonj 
avoided. Fiij.*l ‘.I illustrates the principle c.f of (lie inslrumeifc in considerable on account 
t,h« #mst.nictio*«of this bahflice. 


As to tlte 


he 


„ .-. .1 the great leverage they exert. 

*(4) Till.: STEia.YAi’.D, ..r tmequal-a.ned relslive positions*.f the fulcrum, the terminal 
,! im , i s a'tfpo of weighing instrument whiefi ! Jmife-ed^es (the notdi ur graduation *on thS 
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long arm at which the poise rests corresponds 
to a leuninal knife%lgc in a beam -scale), and 
the centre of gravity, the same lavfs apply 
to steelyards as to equal-armed W>am-scales, 
•winch see al*>ve. f 

§ (h) Platform Mach infs and Weioh- 
BKiiKiES. — Platform machines p><\ weit'Ji- 
brfdges ,afe t ypes of weighing machines which 
9 re similar in principle, and differ from one 
another q»ity by a capacity lino arbitrarily 
fixed, and by the consequent (Terences in 
Construction necessitated by the jrirtieuh^r 
purpose for which they are (Resigned. They 
a#*e used in the main for weighings at>ove f 
1 cwt., and are composed of a goods platforiu, 
either at floor level or oi>jy slightly! f hove the 
groCitf,' and a steelyard or other form of 
indicator ^disposed at a convenient height, 
fiym 'duel* the weight of the goods is read. 
The filiform machines used at r;£fl\vay stations 



for weighing luggage arc a familiar sight, and 
hardly less so are t«e weighbridge*. with plat¬ 
form sunk to road level^nd used for weighing 
cart-loads of coal, amr 1 , those litted with rails 
on which railway rolling-stock is weighed. 

(i.) Types of Machines.—' Types' of platform 
machines are illustrated in Figs. 15 and 10. r 
The perspective view in Fig. 10 shows that 
this type of instrumentf^onsi ds, in general, 
of • box <v frame iv V.hioh are suspended 
two or more levers. These have their fulcra 
bearing in shackles-(a in Fig. 10) suspended 
from tltf> framing. The' platform on which 
the goods are placed to be weighed is supported/ 
generally at four points, on knife-edges fitted 
< iyto.the levers (see 6 in Fig. 10). One of the 
Severs projects from file box ' »r frame, and is 
Connected at its outer end by a connecting 
ro<) to a steelya/vlV whiol) ca'rries a poise weight 
or weights to balance the load on /the plat¬ 
form. By this combination of lovers a high 
mechanical advantage ft obta'med, and con¬ 
sequently a heavy load can he weighed against 
a comparatively light counlcpoise weight. In 
^he designing of platform machines a mech¬ 
anical advantage of 1<J i is frequently, chosen,*; 
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so that a counterpoise weight of 1 lb. will 
balanet^ a V>ad of 1 cwt. In the case of 
weighbridges a meflumicul advantage of 1500 
fc the average, ^llhopgh*as high as ®000 is 
reaeheu in some patterns. 

* As in counter machine, the practical 
’consideration to be born<« intfnind is that tho 



true weight of a load upon the platform of the 
'Machine shall be indicated, ^whatever may be, 
itsfpooition thereon. This condition is arrived 
at in platform machines and fveighbridges by 
so proportioning each lever t’hat the prison 
the ttonnccting rod is the same whichever lever, 
dr Dombinatitm of letor is brought into play. 
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or example, m Ft g. 1J, which is a diagram- j tie steelyard pillar. The object of this is to 
i.Uk: sketch of tup levers of j, triform still further increase the mechanical advantage 

machine, FAR-and fab jretwo levers, whose | of the ngtehine, and to reduce the weight of 
u era ape at F and#/ respectively. The dis- # the poise necessary t?> balams* loads on the 
tanee Vc -fa, and Vk—fb. 'fhe lever |6 con- platform. * , ^ 

nects with the lever FB by a link |t A. The I (U.) StaMihj. - The degree of sonw^lity* 
downward pressure %t B exercises a pul! % on^| which weighbridges attain is remarkable when 
the “ load ” knife-edge K of tlic steelyard, tlu^ on#* remerMers the loads applied and the, 
fulcrum of which is F, and which carries the number and mass of the parts which*fitriii the 
poise weight P on t,l* graduated a|pi FI), and lever system, it is notfincommup for a*new* 
counterpoise weights W sufyeuded from the 



number and mass of the parts which Win the 
lever system, it is notfincommop for a*new* 
weighnridge ’jaded with 50 tons V» give a 
correct. indioatfoA, and to be sensitive to JH 
addition <^f 2 lbs. to the load. Plus accuracy 
wou5*l not be yfkintained, but with reasonable 
tSs^igc a weighbridge is a very durable mac him*. 

• One factor # vhicii contributes to its reliability 
is the aliMu in^uilvairngl movemenJ # of the 
platform and load when weighing gre ftilfen. 
r l’hc vertical ynoiynwyit of the “■ indicating ’’ 
end of the swelyard does not* In general, 
exceed oncineti, and#his movement is, Refold¬ 
ing to the leverage of the instrument, some¬ 
where betweei* one and nine thousand times 


knife-edge 1). Suppose, for illustration, that (iii-) “ Vibrating if) 
an article weighing KM) lbs. is placed on tli<i —AH of the types of ’ 
platform. A portion of the 1(M) lbs. will act with above, i.a. beam 

at c, and the remainder at a. If the distance steelyards, now ad- 

FA 5hV, and fb- Pi fa, then the force at A milted to verillCa- 

vvill 4)e l of the force at c ; and the force at ticca are constructed 

b will he, *4 of the force at a. Thus the whole on what is known 
effect is the same as if { of the article as the “ vibrating ” 
weighed were suspended at A. This result is principle, that is to 
quite independent of the position on the plat- say, they are in 
form of the articles weighed. The 
) of the. load at A will produce ^ /7\ g • 

a downward force at K, which, if, • S 

for example, FB be equal to 3FA, * _ 

will be equivalent to t ', ; of the LZfC 

total load. • The resulting tension ^ 

in BK is balanced by the ))oiso Jjjff • ///% 

weighty? and W, and the load is 1/1/7/ 

represented by the position of 

the poise weight V and by the * 

magnitude of flic weights W sus- 8 


th%t of (Ik' platform. • « 

(iii.) “ Vibrating ifnit Accelerating Machines” 
—All of the types of weighing instruiVut dealt 
with above, i.a. beam-scales, counter machine^, 



pended from I). The levers KAB t Fio. lth^, a * 

and fab are triangular in ^form, • • • • 

and being placed apex to iyjex they provide equilibrium when trte•beam or ^tcclyarti is 
at the opposite corner* four pnflit-s of in a horizontal position ofjrest, midway be¬ 
st ipport for the pla^nrm, tnd yio legs and ^ween the upper and lo\fer stops b^ T whfeh 
stays arc% re^uifbd to maintain the platform itl movement is restricted, and retufh to this 
in the horizontal plane. Tno usual ^arrange- position when t slightly disturbed. They are 
ment of levers in a yeighbru^e is shown therefore stable machines. But the establish- 
in Fig. 18. Tlu^ platform is*caflied on the ment of equilibrium in machine of this type* 
knife-edges A, B, C, LV Two#* equal pc^rer” is an operatiorT which is not conducive t<f 
triangular levers, haying their fulcruins at nqfcd action, and having legard to the faft 
AjB t and respectively, transmit that pro- that platform maeliiiy^ ana Weighbridges 4ire 
portion of the load which is borne by paeh to rarely, it ever, used where the question of 
a third lever witfl its fulbruin in the fram^al determining emet weight to any great nicety 
K; this connects ai its outer end to'^a rod is involved, ami^re frequently employed 
si^j^ndcd from,the shortes arm of the steel- rapid weighings are an advantage, the^e 
yaW of the machine. In many cases an niter- machines are, in#his country, very commonly 
mediate Iqvw is introduced at the bottorg pf made unstable, or # “ accelerating.’i Thj# 
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quality is secured by one of two method#. 
Either the centres of gravity of the levers and 
steelVaVd are Ideated above the fulcrum knife- 
edges or the lir.e of the terminal knife-edges is 
twanged above the fulcrum knife-friges. The 
effe<, of both tjiese arrangements is*to make 
the balance unstable and to cause the lever 
steelyard 'when mice moveu* from #*io 
horizorfial jjosilion to continue to move with 
' ' ‘ accelerated ” velocity until it is brought up 

by its st/p. It is the practice,to so arrange 
jjliq, steelyard that it is horizsntaf when on its 
lower stop, and consequently has lliovemef.t 
one way only from the horizontal. An accel¬ 
erating machine indicates a correct " weight 
r when the steelyard gently rises fro pi the lower 
stop in. the full e,\tei& (4 its Movement. 
Obvifmsl^ s^udi an instrument is not adapteu 
for ascertaining the exant weight of an article, 
kit where/as in the east? of weighbridges, the 
degree*of accuracy attain*hie is predetermined 
bv the. graduation of the steelyard, the 
divergence from absolute “ balance ” is of no 
great moLient. Nevertheless, it must lie ad<*>d 
that in continental countries, in America, and 
in many English colonies all weighing instru¬ 
ments used for trade if re required to be on 
the vibrating principle, and there can be'no 
question that in regard to tRe construction of 
sue if instruments this principle is the proper 
one. 

(iv.) Method* of indicatin'! V/ic Load. --The 
arrangement and design of the lever mechanism 
under the platform of platform machines and 
weighbridges is practically stereotyped, and 
the variations encountered are con/med to 
details. In the^method of indicating the load,-! 
however, one meets with three main divisions, ; 
known respectively as the loose-weight t^pe, 
/he no-loosc-weight!*type,and the self, indicating ! 
type. Jn the first of t frost 1 patterns the fowl . 
on the. pjatform is Ifilaneed by counterpoise 
^eights suspended fronl the eqd of the steel- ! 
yard in the manner illustrated in /•’if/*, lo and j 
1C, each weight representing a major unit or"; 
multiple of a majorjv^t of weight. Inter- ■ 
mediate loads are countofyois<*l by the jockey j 
weight, whiPh at its gr«atTst* distance fr om the 
fulcrum balances^ one major unit. For in- i 
sfariee, a load of .‘tO^wts. would be balanced oij J 
a woighmidge provided with “ 1 {on ’’ counter- ; 
poise weights, by suspending one of the' ; 
counterpoise weights from the end of the 
' steelyard and moving the travelling poise 
♦along to the “ 10 ewts. gradmftion on the steel¬ 
yard. The “ no-loose-weight ” type is* an, 
extension of Hie principle involve<l in the 
intermediate weighings on the bane-weight 
type. Here a larger travelling poise balances, 
S*t its extreme distance from^he fulcrum, the 
w;hole of the load which the*machine is con¬ 
structed to weigh. The loa«fr on the platform j 

it bal 'inunil fin mnvinif flw* hirf/c IMiifil 1 lilt in (* i 


the steelyard and engaging the knife-edge, or 
nib, ii^onq of the several notches cut on the 
top edge of the steelyard. Intermediate loads 
/ire balanced by f a simpler travelling poise 
which ^operates *tlong a bar attaeheu to the 
steelyard. ^ 

* (&■) Ne //-indicating Mechanisms. —Self-indi¬ 
cating mechanisms may b<f divided roughly 
into two classes. They are not, generally, so 
f.eeurato those requiring* manual operation, 
but serve a usefiK our pose where quickness in 
weighings is a desirable'factor. The demand 
for this type i>f instrument was for many years, 
and is now, to sonip extent supplied by indi- 
j caters operating on the Kydrostatie principle, 

1 that is, a cylindrical body suspendwl froyi the 
[ steelyard is partly immersed in *a tank of 
water. On the application #>f a load t<> the 
' plat form/he cylinder is lifted, thus displacing 
• less water ; the downward pull it exerts on the 
! steelyard, being the difference between its« 
I weight and*the weight of water displaced, 
j increases and the steelyard cornea to rest in 
such a position that this increase just balances 
j the effect of the weight on the platform. The 
| movement of the steelyard is communicated 
by a cord wrapping round a spindle to an 
! indicating linger attached thereto. The linger 
■ (inverses a graduated Mia I and indicates the 
! load on the platform. Some makers use a 
j mercury cup instead of the water tank, but 
neither of the arrangements can be said to be 
reliable. In the second, ami modern, type of 
self-indicating machifie of this class a pen¬ 
dulum resistant to the load is employed. A 
heave weight is suspended rigidly from the 
steelyard, and upon the application of a load 
#o the platform moves to such a position that 
the forces about the fulcrum are in equilibrium. 

{5(b) Com hi nation WisiomiKiiviK. — With 
the introduction into this country of long 
lx*gie trucks for carrying merehandiscMm rail¬ 
ways the necessity arose for the weighing of 
'mixed trains, that is, trains made up of long 
bogie wagons and the usual tVo-axle wagons. 
To weigh these on a long single machine was 
r.^liim*wasting and therefore costly process 
which involved* uncoupling the wagons, 
weighing and reRyupling. "<> obviate this 
work, the combination weighbridge was 
designed. In its modem forcn it (/insists of 
two or ill ore weighbridges placed end, to end, 
with, in some*eases, a certain distance between 
them. All Xra e mneeted, so that an indication 
of th? total weight on taie platforms, or the 
weight on each separate platform, or any 
combination of the platforms, is obtainable. 
Even |he two unit machines did not com¬ 
pletely satisfy the demands* arising from the 
complication of whcel-lmso dimensions, and 
the three-unit combination main followed.^, An 
arrangement of levers in the latest type* of 
t.ri 11 (^ \veif?hbridc'e is shown diaccamnifttically 
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in Fig. 10. Each of the weighing units trails- goods on the platform, the redding lining in 
fere its load by a connecting rod fe> tl* eorre- any one of the systems desired. / 

spending intermediate leper. The dead, weight (ii.) Frinlinji Nt,'j i/«it.s. -* Trovisimf for 
of the platform andslevcrs'being compensated printing a, record of the weight of goods is 
by tiie*attached balaneh levtr, only *ie puli provided in some steelyards, Ily one'form** A 
due to the. load is transferred to thj box lever, series of'gnn-met.al figures corresponding h the 
anil from thence bydhe connecting rod in I hit various graduations it attached to the under- 
pillar to the steelyard. To disconnect any on# siAe of the steelyard. To obtain a reeordeof 



— 
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of. the bridges tlie appropriate handle under- weight a ticket is inserted in tin- sTof in the 
heath t.iic steelyard is pulled over. The earn travelling poise, and by the pulling over of 
attached thereto depresses the right-hand end the handle imniediatpy beneath the slot, «s 
of the balance lever, lifting up the left-hand impressed against,the metal figures, which cut 
end, which eomnnmicates its movement a record of the,weight upon the cardboard 
through chain links to the left-hand end of ticket. In another printing device, gtm-vietal 
the intermediate lever. The end knife-edge discs, having figures engraved on their peri 
of the latter is lifted olf the bearing shackle jiliorv, are causfd to revolve bv movement of 
suspended from tile box lever, and the steel- the travelling poises. When eipiilibrium is 
yard movement is they independent of any established a ticket is inserted inJlie«slo( and 
load which might lie on the disconnected is immediately ov-or the figures corresponding 
weighbridge, lo tile notches in which tliT- several yoises rest. 

HI?) Modkrx K kki n kments. (t.) .1/ %/g/c A pull i^'er of tfie handle presses the ticket on 
Niaiiiard*. Among * * to the enjgraved figures. In t*ine instrument* 

the refinements of eon- op m sw ' a continuous cardboard tape is used instead of 

affliction in platform Ai dVw tlnfseparat# I lekef s, and povides a complete 

machines itilcl weigh- feenrd of Scighings taken in a given period, 

bridges the two out- 0 "%J § (S) SelP-isiuoatTnip Si-ai-ks.—A 'notice- 

standii* are the intro- table modern * develop, 

duetion of meehanism * * . me,lt "cighinV 

enabling readings of machine eonstnietioinjs 

weight to he Men in ,a.~ ,\V that of the self imlieat- 

t.wo or more standards, nwtnimcnt. "The 

and I he attachment of * \ e[|« i;rototype «f this Jags 

recording apparatus. , . , ^ the spring halanee, a 

One method of seeiir- • Pin. go. lanylmr departure fngn 

i„g an indication 1 i * • ••. • • ‘In' leverage Jrinei pie. 

weight invthft'e Standards, e.i^J'lnglialy, Metric, jipon •which weighing instruments are, in the 
and Egyptian, is illustrated in Fig. 211. A main, constructed. Keif-indicating mechanisms 
polygonal bar having n«tehes^an(J graduated applied to weighbridges have been dealt wi^i, 
according to th» Afferent systems on its above, anil the r#inarks billowing concern only, 
various faces, is suppoied by jonieal heaai'igs tho^smiJIer capacity instruments for conn tar 
alongside the steelyanll When it is desired to •use. These comprise, a lynching lever # or 
elianee from one standard of weight, to anotlr'r, levers associated wiffi a pair of springs, 
a thumb-screw is loosene^ and the “ potygonai or with a pendulum weight, as the final 

Inr” is revolved until the appropriate notches resistant, Tho*hittew is the more numeral# 

an- nnilerneatl#the nil) of the travelling poise, class, and the otft which calls for explanation. 
Tlr *nr is the**secured disposition, and the The principle ^illustrated in l'igs. 21 aifd 
balanced steelyard indicates, by the potion 22« In Fig. 21 a simple Roberval balance 
of the large i*bd small pokes, the j eight of il»e jneelinnism is conreiJted with, a peSduluiiT 
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resistant. ()n # the application of a load ti* 
the got^ds pan the* force transmitted to the 
short*arm of tile bqjl-cijnik lo^cr catscs the 
latter to take # up a position suclj that the 
, •* * m pendulum boh has an 

equal moment* around 
thfc fulcrum.The indi¬ 
cator is rigidly fixed 
the bell-crank lever, and 
traverses a graduated 
dial to register the load 
weighed? Equ^l incre¬ 
ments to the load ifl 
the pan * voducc e^ual 
increments of momeift* 
* to the pendulum, but 
the^crgftwpiential uifequSl rjfdial n^ivement^ 
of this mamfcer, which arc projected directly 
on th%gradji;^ted are by *lhc*!nditating linger, 
illv«' 4 ’t^ unequal divisions o£ the scale. 

• This iifbqualitv is 

•11* 

avoided in many 



bo read on the 


—7^7-7|f avoided m many 

__t f _jjftfl_of Mie types of 

• \]'j * self-indicating 

—. -rl scale bv transmit- 



ule by transmit 
ting the pull of 
the final weighing 
Vver to the pen¬ 
dulum lever hy 
means of a fle\- 
ibjp metal hand 
passing over a 
cam attached* to 
the lever arm (see 
Fiy. 22), the con¬ 
tour of flic cam 
being arranged t#givc a decreasing moment arm *J 
as the load is increased to compensate for the 
decreasing radial movements of th<^ pendulum. 
With some instruments of this type is a$so* 
eiated a price-computir^ device.* A vertical 
rack is attached to tlu^ end of the weighing 
kfver and imparts its motion* through the 
nyjdiurn of a pinion on a Infcizontal shaft, to a J 
light and carefully balanced drum whose axis ' 
is tlR: before-mention*d # ^>rizontal shaft. On 
the outer jyirfacc <»f tl^ drum are printed 
the range of weight* values corresponding 
to the capacity* of the instrument, and 
tKo irioRgy value of goyds corresponding t<* 
different rates per pound. The side of tfie^ 
casing which is nearer to the teller is ]>iereed 
centrally by two slots, one a vertical slot 
*tfiro‘ugh which the weight is ryfid on the drum, 
Vid the other a horizontal slot, half y>f it-on 
each side of the#/ertic^il slot, through wfimM 
tin? money vuhlhs of th^ goods, corresponding 
to the different rates per pound, are r&id. The 
^eight of the goods and* the r#onoy value are 
recorded by an indicating wife stretched taut 
irt the casing and fixed in frfmt of the drum. 
On the side of the easing ndirer to the buyer 
fliere ft a vertical slo%, through which th^ 


weight of tho goods < 
drum, t • 

§ (9) .Special 1)j:v^ks.—M any and varied 
special types of wei"hiil| instrument have 
been introduced fin recent years. Particularly 
yotieeable ^e the efforts which have been made 
to expedite the operation of # weighing by the 
introduction of machinery, more or less com¬ 
plicated, which venders the^ instruments to a 
jll’cat extend self-acting, timing these may be 
mentioned those tvbieh have for their object 
t^e weighing out of quantities of goods in great 
numbers of the same weight; those con¬ 
structed to weigh miyiy loads of varying weight 
in succession, am^ present*tlie total weight at 
J* the gnd of .a day’s work ; and those \#hich 
determine ttys amount of material Carried by 
a continuously travelling bafld in any given 
peril ql, a.^ for example, the amount of coal 
passed#uto bunkers, or from bunkers to boilers. 
The adaptation of weighing instruments to* 
other uses tRan the indication of weight has 
produced instruments to indicate the number 
of loads weighed ; to indicate, the weight of a 
quantity of articles from the weight of one ; 
to indicate the percentage constituents jfi an 
alloy; and to indicate the number of articles 
in an unknown quantity placed upon the scale. 
Considerations of space prevent more than a 
passing mention of these appliances, but all 
embody the physical principles involved in tho 
simpler instruments. (J> A- G . * 


Weighing Machines, Multiple Standard, 
foa, weighing in two or more units. See 
** Weighing Machines," § (7). 

Veiohino Mkters*for Liquids (Automatic). 
See “ Meters," ij (b). 

Weights, Adjustment ok. See “ Balances," 

. 5 <12) - 

TVated. See ibid. $ (9). * 

• Material for making standard. See ibid. 

§ (&)• * 

National Standard, rceonipared with the 

* • international prototype kilogramme and 

found, in half the cases examined, to 
ngtee with tiff 1 ,initial vab:' at the time of 
formal issuerto within +0 000010gramme, 
i.'\ to *w ithin 1 part >« i«». See ibid. 

§ m •* 

Of rneU-crtstiil (cjuartz) made by J. Nemetz 
(Vietm*) i»id Laurent (Paris). See ibid. 

f(»). « * 

Snape and design of. % See “ Balances," § (11). 
Uneoated polished brass, variation of mass 
of # tabulated. See ibid. § (K). 

W^HyiTS ANI) MHASrRES : * 

liCgal denominations t.K. So* “ Metrology," 

§(!*)• • •*. •* 
iked in trade, control of. Testing authorities. 
• *»ee ibid. § (10).% • • 
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Wet- and Dry-bulb Thermometers. Sec 
“Humidity,” II. §•(+), “ Mcteoriflogiial In 
strumonts,” 11. ^ (7)- * * 

WuiTWHtTlI STAN^Alip 'JllBliAU. S'JC* 

“ Gauges,” § (41). * 

Wind-. * 

Condition {or n* v'nation with height, ?ico 
“ Atmosphere, Physics of,” t: (10), 01)* 
Effect of, on dAv*pomt. hygroim-ters. Sc* 
“ Humidity,” 11. )) and'ii). 

Effect of rotation ot earth on. See “ Atmo- 
si>here, Physics of,” § (S). • * 

Relation of, to distribution of pressure. 
See “ Atmosphere, thermodynamics of 

,. H*.-,” § (S). I * 

liciati<m«nf horizontal to verticaj, for typical 
distributions of velocity. See ibid. 

§ (lb). See also “Atmosphere, Circu¬ 
lation of the.” # 

9 Variation with height: 

Effect of eddy-motion on. Vce “ Atmo¬ 
sphere, Physics of.” §§ (12), (12), 14. 

Effect of ternperatu re-gradLout. on. See 

ibid. § (Id). 

Formulae f<*r. See ibid. §§ (12), (14). 

Hi tin* stratosphere. See ibid. § (H). 


* In the surface layers. See thid. § (14). 

In the troposphere. • Se< ibid. as po), 

(i<)- . • • ; . 

Sc. also “^Anticyclone,” “ Cyclone, 1 Cvelo- 
stcophic Wind,” “ Geostro^hic Wind*' • 

“ Gradient Wind ” • * 

• 

W*N1), Dlh*t'TI()N OF : • , 

Measurement of: • 

At the surface, $e,e “ Meteorological* 
lV ,trun^ .its,” l\ r . § (21), etc. I 
In the tflrp ■•jiiir. See ibid. § (25). # * 

< 7 elf-re(Vding instruments for: liay.endoll, 
Beds ley, • Casella, Dines, ilalliwell, 
* Munro-Kooker. Sec ibid. § (22) (ii.)« 


Meteorological* 

• • 


Munro-I 
• ” (vii.)v 

I* f 

V V INI > -VANES. SCC 

merits,” § (21). 

# • f t 9 _ 

Wind Vnr,ociTV : 

.Measure n*ent »f, the nurfnoe.'_ Sec 
“ Meteorological Instrument^” JV. § (Hi), 
etc. • 

.Measurement of, in the upper air, b\»IIanvin- 
Hill minor. S.T- ibid. § ()!■'). 

Kefation to at mm pherie pressure anti density^ 
See ibid. § (Hi). * * 


— z — 

Bonus as used in connection with Screw Threads. See Metrology,’ VII. § (-•->) c 1 '-)- 
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